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PREFACE. 



It is universally acknowledged that a chemical operation 
presents two aspects to the investigator ; it involves a change 
in the form or distribution of matter, and a change in the form 
or distribution of energy. The greater number of the chemical 
text-books pay very little heed to the latter of these changes. 
Indeed it is only within recent years that any serious attempt 
has been made to measure the changes of energy which 
accompany chemical changes of matter. Such measurements, 
so far as they have yet gone, have been almost wholly confined 
to determinations of the quantities of heat which enter or leave 
a chemical system during its passage from one definite state to 
another. Any exact applications which can at present be made 
of the laws of energy to chemical processes must then, for the 
most part, be based on the results of thermo-chemical investi- 
gation. 

This book is intended to present a connected account of the 
methods and results of the most important researches which 
have been made in Thermal Chemistry. It does not in any 
way pretend to be an exhaustive treatise on the subject ; its 
object is to deal with principles, and methods of investigation. 
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VI PREFACE. 

rather than with details. The book is adapted for the use 
of students who have a fair knowledge of the principles of 
chemistry, and who are also conversant with the outlines of the 
study of energy. A sketch of the preliminary study required is 
given in the earlier paragraphs of the first chapter. 

I have endeavoured to deal with the various parts, of the 
subject from the point of view of the chemical, rather than 
from that of the physical, inquirer. The two-sidedness of all 
the problems examined in Thermal Chemistry makes this a 
subject in which one is very ready to go astray. 

The original intention was to produce a condensed and 
somewhat modified translation of Prof. Alexander Naumann's 
Lehr- und Handhuch der Thermochemie ; but as the work pro- 
ceeded this intention was abandoned. The general scope and 
conception of Naumann's book were thought to be unsuited 
to the wants of the English student. Some parts of the 
subject which are dealt with by Naumann in great detail 
appeared to me to be too strictly physical to warrant their 
introduction into a book on thermal chemistry; other parts 
should rather, I think, find a place in a book on pure chemistry. 
On the other hand there are many subjects of great importance 
which have received especial attention since the publication 
of Naumann's treatise; among these may be mentioned the 
recent work of Thomson on the classification of acids and bases, 
and on the relative affinities of acids. 

I have also regarded the whole subject from a point of view 
essentially different from that occupied by Prof Naumann. 
I have endeavoured to gain a general conception of the subject 
as a whole, and to indicate the mutual relations of its parts ; 
I have also striven to place the facts before the student as far 
as possible independently of theories, and then to gather 
up these facts and consider them in the light of theory. For 
this reason I have said very little regarding what some would 
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look on as fundamental principles of the subject — the law 
of maximum work, and the interpretation of thermo-chemical 
data in terms of the molecular theory — ^until the last chapter of 
the book. 

The book is divided into two parts. The first part is 
devoted to the statement and consideration of the various 
branches of thermal chemistry : the second comprises most of 
the well-established data on which the science is built; these 
data are classified and tabulated in five appendices, which it is 
hoped will prove of considerable service to students. Data 
relating to melting and boiling points are omitted, because 
their insertion would have made the book very bulky, and also 
because they are to be found fully and carefully collected in 
Dr Camelley's tables. No data are given relating to specific 
heats of solids or of solutions ; for these the student is referred 
to Naumann's work, and to Clarke's Constants of Nature. 

Where the thermal value of the same operation has been 
measured by various experimenters, preference is always given to 
the results obtained by Thomsen ; for this reason many numbers 
which are found in Naumann's work are omitted from the 
appendices. 

Chemical formulae are used sometimes as synonymous with the 
names of the bodies formulated, and sometimes with a definite 
quantitative meaning : I think the context will always indicate 
where a quantitative meaning is to be given to these formulae. 

The principal calorimetric methods adopted by Thomsen, 
Berthelot, and other experimenters, are described, and the 
more important instruments are figured. References are given 
to all original papers or treatises of importance. 

I have made free use not only of Naumann's Thermochemie, 
but also — and to a very large extent — of Thomsen's Thermo- 
chemische UntersiAchunjen, and Berthelot's Essai de Chimique 
M^canique. 
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I have been much assisted in preparing this book by 
Mr Wilson, whose name appears on the title-page ; and also 
by Mr D. J. Carnegie, B.A., Scholar of Gonville and Caius 
College, who has kindly read the whole of the proo& and made 
many useful suggestions. 

M. M. PATTISON MUIR. 

Cambbidoe, December 1885. 
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THEEMAL CHEMISTEY. 



CHAPTER I. 

PRELIMINARY SKETCH OF THE SUBJECT. 

Thermal Chemistry treats of the mutual relations between 
chemical and thermal phenomena. The study of this branch of 
natural science can be profitably undertaken only when some 
knowledge has been gained of the general laws of heat and 
chemistrj'. 

A brief outline of the more important parts of the prelimi- 
nary thermal and chemical study required for properly grasping 
the teaching of thermal chemistry is all that can be given in 
this book. The student must fill in the outline for himself 

Section I. Chemical change. The conservation of mass, 

1. Chemistry is that branch of physical science which con- 
cerns itself with the more marked and far-reaching changes in 
the properties of matter which occur in nature or can be pro- 
duced in the laboratory. 

When water is exposed in an open vessel to a temperature 
lower than 0° C. it is changed into solid ice. When the tempe- 
rature of ice is raised above 0° C. the ice is changed into liquid 
water. When an electric current is passed through water, it is 
changed into two colourless gases, each characterised by proper- 
ties which sharply distinguish it from the other, and neither 
shewing much resemblance to the water from which both have 
been obtained. If these gases are mixed and an electric spark 

^ M. t. c. 1 



2 PRELIMINARY SKETCH. [CHAP. I. ^ 2-4. 

is passed through the mixture, the gases completely disappear 
and water is produced 

The change of water into ice, and the reverse change of ice 
into water, may be taken as a representative physical change. 

The change of water into a mixture of gaseous oxygen and 
hydrogen may be taken as a representative chemical change. 

2. The mass of matter which takes part in any change 
whether physical or chemical remains unaltered. 

This statement which is the outcome of many centuries of 
inquiry is known as the principle of the conservation of mass, 
or the principle of the indestructibility of matter. On this 
principle the science of chemistry is based. 

3. From the chemical point of view matter may be divided 
into two classes, elements and compounds. A weighed quantity 
of very finely divided iron is strongly heated ; the iron glows for 
a few minutes, and when the glowing has ceased there remains 
a quantity of rust the mass of which is greater than that of 
the iron at the beginning of the experiment. A weighed 
quantity of potassium chlorate is strongly heated ; it melts, and 
a gas is produced in which a burning body burns much more 
brilliantly and rapidly than in ordinary air. When gas ceases 
to be evolved a white solid remains the mass of which is less 
than that of the potassium chlorate used. 

Iron is a typical element ; potassium chlorate is a typical 
compound. 

An element may be defined as a kind of matter which can 
undergo chemical change only by combining with some other 
kind, or kinds, of matter ; the mass of the product of such a 
change is therefore always greater than the mass of the element. 

A compound may be defined as a kind of matter which can 
undergo chemical change either by combining with some other 
kind of matter, or by itself separating into two or more other 
kinds of nMii^ter, the mass of each of which is therefore smaller 
than that of the compound. 

4. By the composition of a compound is meant a statement 
of the elements which can be obtained from it, and of the 
quantities of those elements which can be obtained from a 
specified quantity of the compound. 



SECT. I. § 4.] CHEMICAL CHANGE. 3 

The composition of every chemical compound is fixed and 
unalterable. Thus 100 parts by weight of pure water always 
contain 88*88 parts by weight of the element oxygen, and 11*12 
parts by weight of the element hydrogen ; or we may say the 
elements are combined in the ratio of 8 to 1. Hydrogen and 
oxygen form two compounds ; in the first (water) the ratio in 
which the masses of oxygen and hydrogen are combined is 8 : 1 ; 
in the second (hydrogen peroxide) the ratio is 16 : 1. Nitrogen 
and oxygen form five compounds in which the masses of oxygen 
and nitrogen are combined in the following ratios (I) 1 : 1*75 ; 
(2) 2 : 1-75; (3) 3 : 175; (4) 4 : 175; (5) 5 : 175. These 
cases are representative of chemical compounds in general. To 
every element a number may be given which expresses the 
smallest mass of that element which combines with unit mass 
of some element chosen as a standard. These numbers also 
express the smallest masses of the various elements which 
severally combine with each other. 

The standard element is hydrogen; the unit mass is 1 gram, 
or 1 grain, or 1 lb. 

Thus the following numbers represent the combining weights 
of various elements; oxygen = 8, chlorine = 355, sodium = 23, 
calcium = 20. These numbers tell us that 8 or a simple 
multiple of 8 parts by weight of oxygen, 35'5 or a simple 
multiple of 35*5 parts by weight of chlorine, 23 or a simple 
multiple of 23 parts by weight of sodium, and 20 or a simple 
multiple of 20 parts by weight of calcium, severally combine 
with 1 part by weight of hydrogen to produce definite chemical 
compounds. Further these numbers tell us that 8 or a simple 
multiple of 8 parts by weight of oxygen combine with 20 or a 
simple multiple of 20 parts by weight of calcium, that 23 of 
sodium combine with 35*5 of chlorine &c., to produce definite 
chemical compounds. 

The symbol of an element, e.g. H, 0, CI, or of a compound, 
e.g. HjjO, HCl, represents a definite mass of that element or 
compound, and when the element or compound is gaseous, the 
symbol also represents a definite volume of the body\ 

1 The student is supposed to be familiar with the use of chemical symbols 
before proceeding further. (See also post, pars. 30 — 3G). 

1—2 



4 PRELIMINARY SKETCH. [l'HAP. I. g§ 5-7- 

5. In eonslderiug chemical phenomena it will be convenient 
to use such expressions as 'a changing system,' 'the syatem v 
undergoing chemical change,' and the like. 

Thus in the case already referred to of the electrolysis of 
■water, the quantity of water through which the current passed 
Tfas the changing system. If the water had been brought into 
coutaet with a piece of the metal sodium, one of the gaacs 
obtained by eleetrolyaia, viz. hydrogen, would have been 
produced, and a new body, composed of sodium, hydrogen, and 
oxygen, (sodium hydroxide), would have been formed and 
dissolved in a portion of the water. In this case the system i 
undergoing chemical change would have consisted of water, I 
sodium, hydrogen, and sodium hydroxide. When a candle I 
burns in air the changing system is composed of candle, air, and I 
the products of the burning of the candle. I 

Section II. Changes of energy. The conservation of energy. 

6. Every chemical operation consists of two parts, a change 
in the form of the matter comprising the system, and a change 
in the form of the energy of the system. 

Energy ia the power of doing work ; work being defined as 
' the act of producing a change of configuration in a system in 
opposition to a force which resists that change." . 

■ 7. Any material system may be considered as made up of | 
several particles each of which is so small that, for the purposes | 
of the special investigation undertaken, the distances between 
the parts of these particles {if they have parts) may be neglected. 
These particles at any moment must be arranged in some 
defihite way relatively to each other; this 'assemblage of relative 
positions is called the configuration of the system." 

When mutual action and reaction occurs between two 
- systems bo that there is a change in the configurations of the 
systems, one system is said to exert force on the other. 

Force then Is a name given to a two-sided transaction when 
that transaction is looked at from the standpoint of one of j 
the transactors. The change of configuration produced in one 
of the mutually acting systems necessitates change in the motions 
' Clerk Maiwell, Maiter and Mt-iion, art. T2. 
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of the parts of that system, in other words necessitates an 
acceleration of these parts. The force exerted by one system on 
the other may be measured by the product of the mass of 
matter moved and the acceleration produced in that mass. Or, 
in other words, as mass into velocity = momentum, the force may 
be measured by the change of momentum which it produces per 
unit of time. When the mutual actions between the two systems 
are completed let us suppose that the first system has lost, and 
the second has gained momentum ; then the first system has also 
lost energy or power of doing work, and the second system has 
gained an exactly equal quantity of energy. 

8. It is customary to speak of a force as acting on a body 
or system, but it should not be forgotten that force is merely a 
convenient name, the use of which helps us to study the mutual 
actions of bodies, and systems of bodies, which study is the real 
business of physical science. Nevertheless in dynamics the 
actions of forces are measured and compared without constant 
reference to the acting and reacting bodies; and the conception 
implied in the word force has been so much used apart from the 
conception of two, or more, mutually acting bodies, that the 
name has almost ceased to be a mere name, and is frequently 
used as if it represented a real thing. 

Remembering that behind the word force there is always a 
reality, we may speak of the application of a force, or even of 
the work done by a force. 

9. Suppose a man lifts a weight through a space of 3 feet, 
and places it on a support at that distance from the ground; we 
have here tw^o mutually acting systems, (a) the man, and (6) the 
weight and the earth. System (a) does work against the resist- 
ance of system (6) ; and when the work is done, system (6) has 
gained just as much energy as system (a) has lost. For, let the 
weight be now attached to the machinery of a clock, and let the 
support be removed ; the weight slowly descends to the ground, 
and in doing so it communicates energy to the clock, which 
energy is spent in overcoming the friction of the various parts, 
the resistance of the air to the motion of the pendulum &c. 
Had the weight not been raised from the ground it would have 
been of no use as a source of energy to the clock. The whole 
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system, clock and raised weight, therefore possesses energy 
because of the configuration of its parts ; and when the con- 
figuration is changed in a certain way this energy is lost to the 
system. 

In this example it is clear that the man has done work 
against the resistance of the weight. But we may say that the 
man has exerted force, and, abstracting the notion of the man, 
we may say that work has been done by a force on the weight. 

10. In order to measure this force we must know the mass 
of the weight raised, the time occupied in the movement of the 
weight from its point of rest on the ground to its point of rest 
on the support, and the space through which the weight has been 
moved. 

Suppose the velocity of the movement to have been uniform 

throughout the whole time. Then putting v = velocity, s == space, 

and t = time, we have 

s 

Then, as force is measured by mass moved into velocity, and 
as the velocity was uniform, we have 

F = mv; 
where F = force, and m = the mass of the weight moved. 

Now let us suppose that the weight was in motion when the 
force began to act upon it ; further let the initial velocity be v, 
let the force continue to act for a very short time t, and let the 
velocity at the end of this time be v\ Then the momentum of 
the weight at the beginning of the time t was mv, and at the 
close of the time t the momentum was mv. And, since a force 
is measured by the change of momentum it produces when 
acting for unit time, it follows that^ 

Ft = m(v—v), 

^ We can now define the unit of force as that force which acting on unit mass 
for unit time produces unit acceleration in the mass. The most commonly used 
unit of force is called the dynef and is defined to be that force which acting for 
one second on a mass of one gram, produces in it a velocity of one centimetre 
per second. The unit of work is the erg, which is defined to be the work done 
by one dyne when acting through a distance of one centimetre. 

The student ought carefully.to study some treatise on the measurement of 
forces &c. , e.g. Clerk Maxwell's Matter and Motiorij chaps, i. ii. and iii. ; or the 
same author's Theory of Heat, chap. iv. 
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From this equation we can find the space through which 
the weight has been moved by the application of the force F 
acting for the time t The time t is very small, therefore we 
may take the average velocity during this time as the arith- 
metical mean of the velocities at the beginning and end of the 
time, that is, as 

But as space described is equal to velocity into time, it 
follows that 

s = \{v +2;') t 

Then multiplying together the two equations we get 

and dividing by t, we have 

Fs = ^mv"^ — ^mv^, 

11. Now Fs measures the work done by the force acting on 
the body whose mass is m, while that body moves through the 
space 5, in the same direction as that in which the force is 
applied. But when work is done on a body that body gains 
energy. In the case before us this gain of energy is attended 
with an increase of the velocity of the body, and the energy 
gained is measured by half the product of the mass into the 
difference between the squares of the final and initial velocities. 
This form of energy which is connected with the motion of a 
body, or system of bodies, is called kinetic energy, and is to be 
distinguished from potential energy, which is the energy con- 
nected with the configuration of the parts of a body or system 
of bodies. 

If the force F acted on the body with mass rw in a direction 
opposite to the motion, then the force would act as a resistance 
to be overcome by the moving body. In this case the kinetic 
energy of the body would be decreased until the body came to 
rest, when the whole work done by it would be equal to the 
whole kinetic energy which it possessed when the force began 
to act*. 

^ If the time daring which the force acts is not so short that the mean 
velocity may be considered as equal to the arithmetical mean of the velocities at 
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■ 12. The energy of a system of mutually acting and reacting 
bodies will be composed of two parts, (1) the potential energy, 
that is the enevgy due to the relative positions of the bodies 
which form the system ; and (2) the kinetic energy, that is the 
energy due to the motions of these bodies. Besides this, if the 
system as a, whole is in motion it will possess a certain amount 
of kinetic energy due to this motion. In audi a system there 
will sometimes be constant change of configuration and of the 
motions of the parts ; there will therefore he constant change of 
potential into kinetic energy and vice versa. If we know the 
motions of the parts at any moment we can calculate the kinetic 
energy by the method already given, viz. by multiplying the 
mass of each part by half the square of its velocity and taking 
the sum of these products. But we have no generally appli- 
cable method for calculating the potential energy. The relation 
between configuration aud potential energy appears to vary for 
almost every system. The theory of potential energy is much 
more complicated than that of kinetic energy. In a theoretical 
system of bodies such as is treated of in abstract dj-namics the 
only conditions present are the configuration and the motions of 
the parts of the system. Hence the energy which is not due to 
inotion must be due to configuration. But although we know 
that part of the energy of actual material sy.stems is sometimes 
dependent on configii ration, e.g. the energy of a coiled watch 
spring, yet we are not able to state the exact relation between 
the energy and the configuration of such systems. 

13. K one system does work on another, the amount of 
energy lost by the first system is exactly equal to the amount 
of energy gained by the second ; if therefore both systems are 
included in one larger system, the total energy of this larger 
system is unchanged. Similarly, if a part of one system does 
work on another part of the same system, the total energy of 

tlis begiuning and end or the action, then ' ' bj dividing the whole time of action 
of the force into email parts, and proying that is each of these the work done by 
the force ia equal to the increase of kinetic energj of the body, we may, by 
adding the diSerent portiouB of the work aud the different increments uf energy, 
iirrive at the result that the total work done by the force is equal to the total 
increase of kinetic energj" (Clerk Maxwell). See for more detuila Clerk 
Maxwen'B Thronj nf Heat, pp. 87—02 (6th Ed.|. 
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the system is unchanged, although one part of it has lost and 
another part has gained energy. This is the principle of the 
conservation of energy. This principle is thus stated by Clerk 
Maxwell \ 

" The total energy of any material system is a quantity which 
" can neither be increased nor diminished by any action between 
" the parts of the system, though it may be transformed into any 
'' of the forms of which energy is susceptible'' 

This principle has been proved to be absolutely true for 
•systems fulfilling certain conditions, and it has been experimen- 
tally verified in cases where the energy of the systems examined 
takes the form of heat, electrification, magnetisation &c., indeed 
it is *'the one generalised statement which is found to be 
consistent with fact, not in one physical science only, but in 
all."^ 

14. If the configuration of a system is changed by the 
action of an external agent, then the energy of the system 
either increases or diminishes during this change. If the 
energy increases the agent has done work in the direction of 
the change of configuration ; if the energy decreases the system 
has done work on the external agent, and hence the force 
exerted by the external agent is in the direction opposite to that 
of the change of configuration. Hence " a complete knowledge 
of the mode in which the potential energy of a system varies 
with the configuration would enable us to predict every possible 
motion of the system under the action of given external forces, 
provided we were able to overcome the purely mathematical 
difficulties of the calculation.' '' 

15. In examining the action of forces on material systems, 
it is of course necessary to specify the directions in which these 
forces are applied. Thus force may be exerted by an external 
agent on a system with the production of a displacement of the 
system from one configuration to another, or force may be 

^ Matter and Motion, art. 74. The whole of chap. v. of this little book should 
be carefully studied. 

» Id. loc, cit, art. 73. See also Id. Theory of Heat, pp. 92— 3. (6th Ed.), also 
Tait's Heat, pp. 17—20. 

3 Clerk Maxwell, Matter and Motion, art. 88. 
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exerted by the system against an external agent which resists 
the displacement of the system. 

When we come to deal with the changes of energy which 
accompany the action of the so-called chemical forces, we shall 
find that one of the main difficulties is to specify the direction 
in which the forces are applied. 

16. The energy of actual material systems depends on the 
states of these systems at any moment The state of a system 
is conditioned by the values of such variables as chemical 
composition, pressure, temperature, electrical potential &c. 
Hence the changes in the energy of a system will depend on 
the changes in the values of these, and other variables. 

Now in physical science we wish to measure changes of 
energy, and to connect these with changes in the values of the 
chemical composition, the electrical potential &c. of the system. 
To do this we must start with the system in some definite and 
defined state, we must bring it into another definite state, and 
we must measure the change of energy which accompanies this 
passage from the one state to the other \ 

The loss or gain of energy is independent of whether the 
passage from one state to another is effected directly, or through 
a series of intermediate states. 

In thermal chemistry we especially endeavour to measure 
energy-changes by thermal methods, and to connect these with 
changes of chemical composition. 

Section III. Heat. First and second laws of thermodynamics, 

17. Heat is not a material substance, because the quantity 
of it can be indefinitely increased, and it can also be destroyed. 

Heat is a form of energy, because heat is produced by the 
application of mechanical work, and work is done by the action 
of heat. 

18. Moreover, there is a definite quantitative relation between 
the amount of work done and the quantity of heat produced or 
destroyed^. 

1 The reader should study arts. 86 to 91 in Matter and Motion, 
^ For a clear account of the progress of the doctrine that heat is a form of 
energy see Tait's Heaty chap. iv. pars. 21 to 31. 
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This application of the principle of the conservation of 

■ 

energy to thermal phenomena Ls usually known as the first law 
of thermodynamics. 

Joule, and others, have measured the mechanical equivalent 
of heat. 

Joule found that in order to raise the temperature of one 
pound of pure water from 60" to 6 1** F. an amount of work must 
be done which is measured by 772*55 foot-pounds at sea-level 
in the latitude of Greenwich. If this is translated into metrical 
units, the statement runs thus : in order to raise the tempera- 
ture of one kilogram of water from 0^ to 1^ C. an amount of 
work must be done which is measured by 423 99 kilogram- 
metres. This number, 772*55 foot-pounds or 423*99 kilogram- 
metres, is usually called Joule's equivalent. 

19. In all natural occurrences there is a transformation of 
energy from one form to another; e.g. eaergy of electrical 
separation may be iii:aiM5fi3Tmed into heat, energy of chemical 
separation may be transformed into light or heat, or into 
electrical energy, and so forth. All forms of energy can be 
directly or indirectly transformed into heat. 

20. It is necessary to distinguish between higher and lower 
forms of energy, in other words it is necessary to distinguish 
between energy which is more available and energy which is less 
available for doing mechanical work. 

So far as heat is concerned, the only way in which this form 
of energy can be used for doing mechanical work is by letting it 
down from a body at a higher to a body at a lower temperature. 
A certain quantity of heat, therefore, as it exists in a hot body 
is more available than the same quantity of heat as it exists in 
a colder body. 

21. If all the heat in any body, or system ofbodieSy is at the 
same temperature, then no mechanical work can be obtained from 
that body, or system, except by bringing it into contact with 
another body at a lower temperature. 

This is one of the many forms in which the second law of 
thermodynamics may be stated \ 

1 Compare Maxwell, Theory of Heat, p. 153 (6th Ed.) with Tait, Heat^ p. 60. 
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^^H If the system under consideration is regarded as coraprisiag 

^^H the whole physical universe, and if the temperature of this 

^^H system is supposed to have become uniform, then no work can 

^^H be obtained from this system by any method known to us, 

^^H although the system may contain large stores of energy in the 

^^H ibrm of heat. 

^^H 22. The running down of energy from a higher, i.e. a more 

^^F available, to a lower, i.e. a less available form, is known as the 
P dissipation, or perhaps better, the degradation of energij. Now 

as in every operation occuiTing in nature there is a transformation 
of energy, and as any transformation of energy, bo far as we know, 
involves a running down of a portion of tlie energy transformed, 
the total energy of the material universe is continually becoming 
less and less available, it is continually undergoing degradation'. 
If this is 80, it becomes a question of the greatest importance 
to determine what portion of a given quantity of energy in a 
stated form can be changed into work. So far as heat-energy 
is concerned this question has been answered by Carnot, who 
proved that the fraction of the total quantity of heat which is 
converted into mechanical work by a reversible heat-engine 
depends entirely on the difference between the temperatures of 
tbe source of heat and the refi'igerator. Carnot also proved 
that a reversible heat-engine is a perfect engine, that is to say, 
that no other engine can convert so large a fraction of the total 
heat into mechanical work*. 



Section IV. Application of thermal methods to chemical 
problems. 

23. Every chemical reaetion, as we have seen, is composed 
of two parts ; a transformation of matter, and a transformation 
of energy. 

In applying thermal methods of measuring energy-changes 
to the investigation of chemical phenomena, we start with a 
definite chemical system in a definite state, we allow this 

' Compare Tail's Heat, pare. 78—79. 

' See Clerk Maiwell'H Theonj of Heal, ohap. vni., oi Tail's Heal, chop. it. 
par, 81 el teq. 
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system to pass into another definite state and we measure the 
quantity of heat produced during this chemical change. 

24. If we assume that the whole of the energy which has 
been lost by the system in the passage from the initial to the 
final state has appeared in the form of heat, then the measurer 
ment of this quantity gives us a measurement of the difference 
between the energies of the system in the two states. In many 
cases, however, a portion of the energy of the original system is 
directly changed into some form other than heat, e.g. into 
electrical energy, sound-energy, or radiant energy. If the 
amount of energy thus transformed is measured, or if the 
experimental conditions are arranged so that the electrical or 
other energy is finally changed into heat and the total quantity 
of heat is measured, then the total loss of energy suffered by 
the chemical system, in its passage from the defined initial state 
to the specified final state, is determined. 

25. The difficulties of thermal chemistry really begin when 
we try to use the results of such measurements as are indicated 
in the preceding paragraph. The problem is to measure the 
quantity of energy which has entered or left a given system 
during a definite chemical change. But the chemical change is 
always accompanied by and intermingled with physical changes, 
and it is usually very difficulty if not indeed impossible, to 
disentangle the two parts, the chemical and physical parts, of 
the complete change. Moreover it is scarcely possible at 
present correctly to interpret the meaning of the phenomena 
presented by the chemical change. 



Section V. Hypothesis regarding the mechanism of chemical 

changes, 

26. That matter has a grained structure, in other words, 
that a mass of matter is not homogeneous, is proved by (1) the 
phenomena presented by the passage of a ray of white light 
through a refractive medium, (2) the phenomena of contact 
electricity, (3) the phenomena of liquid films e.g. soap-bubble- 
films, and (4) the behaviour of gases. 

These four groups of phenomena cannot be explained in 
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terms of ^ny hypothesis which asserts that an apparently 
homogeneous mass of matter is really homogeneous; the 
phenomena force us to accept the hypothesis that were any 
piece of matter, e.g. a drop of water sufficiently magnified, we 
should see that it is built up of a vast number of small particles, 
each of which possesses the properties that distinguish water 
from all other kinds of matter. The hypothesis further asserts that 
these small parts of any material body act and react in accordance 
with the principle of the conservation of energy. When the 
body is heated the motion of agitation of these small particles 
is increased. These particles are called molecules. 

27. Confining our attention to gases we may adopt the 
following definition : 

' A gaseous molecule is that minute portion of a substance 
which moves about as a whole, so that its parts, if it has any, do 
not part company during the motion of agitation of the gas'^ 

28. The pressure of a gas on the walls of a containing 
vessel is, on this hypothesis, an effect of the impact of the 
tnolecules, and this again depends upon the number and the 
velocity per unit of time of these molecules. If the number of 
molecules in a given volume is increased, i.e. if the density of 
the gas is increased, the pressure is proportionately increased. 
This is the law of Boyle. 

Assuming that the temperature of a gas represents the 
mean kinetic energy of the molecules of that gas, then if two 
gases are in thermal equilibrium, 

where M and 3f, represent the masses, and V^ and K* the 
mean squares of the velocities of the molecules of the two gases. 
But if the pressures of the two gases are equal, 

then MNV' = M^NJ^', 

where N and N^ represent the number of molecules in unit 
volume of the two gases. 

29. From these two equations it follows that 

^ Clerk MaxweU, article 'Atom ' in Encycl. Britannica (9th ed.). 
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that is, when two gases are at the same pressure and tempera- 
ture the number of molecules in unit volume of either gas is the 
same. 

And as the density of a gas is equal to the product of the 
mass of the individual molecules into the number of molecules 
in unit volume, and as the number of molecules in unit volume 
of the two gases is the same, it follows that the densities of two 
gases at the same temperature and pressure are propoHional to the 
masses of their individual molecules. 

U'he two statements in italics have been long known in 
chemistry as Avogadro*s law; they are now, however, raised from 
the rank of empirical statements to that of dynamical deductions 
from the fundamental hypothesis of the molecular theory of 
matter \ 

These statements are of the utmost importance in chemistry, 
as they furnish a means of determining the relative weights of 
the molecules of all gaseous bodies. 

30. The statements may be put more shortly in this form : 

Equal volumes of gases, at the same temperature and pressure, 
contain equal numbers of molecules. 

Consider the following chemical changes; the temperature 
and pressure remaining constant. 

(1) Hydrogen + Bromine (gases) = Hydrobromic acid (gas) ; 
volumes 1 + 1 =2. 

(2) Hydrogen + Chlorine (gases) = Hydrochloric acid (gas) ; 
volumes 14-1 =2. 

Now, if equal volumes of gases contain equal numbers of 
molecules, there must be as many molecules of bromine gas as of 
hydrogen taking part in change (1), and as many molecules of 
chlorine as of hydrogen taking part in change (2). Let there 
be p molecules of hydrogen, then there are p molecules of 
bromine and p molecules of chlorine in the combining volumes 
of these gases. But 2p molecules of hydrobromic acid gas, and 
2p molecules of hydrochloric acid gas, are produced. But each 
molecule of hydrobromic acid is composed of hydrogen and 
bromine, and each molecule of hydrochloric acid is composed of 

1 The student shonld carefully peruse chap. xxii. of the Theory of Heat. 
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hydrogen and chlorine. Hence, each molecule of hydr»gen, and 
each of bromine (or each molecule of hydrogen, and each of 
chlorine) has separated into at least two parts, and each of 
these parts, or half-molecules, of hydrogen has combined with a 
half- molecule of bromine (or chlorine) to produce a molecule of 
hydrobromic (or hydrochloric) acid gas, 

31. Hence we conclude that, although the molecules of 
hydrogen move about as wholes when hydrogen is heated, 
nevertheless these molecules are themselves composed of parts, 
and these do part company when hydrogen and bromine, or 
hydrogen and chlorine, mutually react to produce hydrobromic 
or hydrochloric acid gas. 

By extending this method of inquiry to a great many 
chemical changes in which hydrogen takes part, we arrive at 
the conclusion that any molecule of hydrogen ia composed of 
two parts, and that during at least many chemical reactions a 
separation of the molecule into its parts occurs. 

32. The parts of the molecule of an elementary gas are 
called atoms. 

The molecule of hydrogen is composed of two atoms ; it ia a 
diatomic molecule. And aa hydrogen is the standard substance 
in terms of which the relative weights of the molecules, and 
atoms, of other gases are stated, we say that the atomic weight 
of hydrogen is one, and that the weight of the molecule of 
hydrogen, represented by the symbol H,, is two. 

33. To determine approximately^ the relative weight of 
the molecule of any gas it is only necessary to determine the 
density of that gas referred to hydrogen, and tn multiply this 
number by two. Thus oxygen ia sixteen times heavier than 
hydrogen, hence the molecular weight of oxygen gas is thirty- 
two. 

The following table gives the mean results obtained in 
determining the densities of the thirteen elementary bodies 
which have been gasified up to the present time. 



' See post, put. 3. 
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MOLECULAR WEIGHTS. 






Molecular weights of elementary gases. 




Name of element. 


Temp, of 
observation 


Density 


Molecular 






(approximate). 


H = l. 


weight. 




Hydrogen 


0" 


1 


2 




Nitrogen 


0* 


14-02 


28-02 




Oxygen 


0* 1400* 


15-96 


31-92 




,, ozone 




23-93 


47-88 




Sulphur 


500* 


95-55 


191-88 




>> 


800* 1400* 


32-2 


63-96 




Chlorine 


200* 1200* 


35-36 


70-74 




Cadmium 


1000* 


56-8 


1121 




Phosphorus 


500* 1000* 


62 


123-84 




Arsenic 1 


600*— 800* 


150-5 


299-6 




Bromine { 


100* 


■ 78-75 


159-5 




1 
>> 


about 1500* 


' 58-9 


? 




Selenion 


850* 


i 110-7 


236-4 






1400* 


80-5 


157-6 




Mercury i 


400* 1000* 


99-85 


199-8 




Iodine 


200* 800* 


125-85 


253-07 




1 
»> 1 


1300* 1500* 


68-7 


n26-52] 




Tellurium ^ 

1 


1400* 


127 


250 
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34. It will be noticed that the numbers in column IV. are 
not always exactly double those in column ill. The value 
obtained for the density of a gas is necessarily subject to en-ors 
of experiment ; nor in chemical investigations do we attempt to 
determine these values by any very refined experimental 
methods. We rather find, with the greatest care and refinement 
of experiment possible, the value to be assigned to the combining 
weight of each element, i.e. the mass of the element which 
combines with one part by weight of hydrogen or with 7*98 
parts by weight of oxygen \ The molecular weight of an element 
must be equal to, or a multiple of its combining weight, and the 
molecular weight of a compound must be equal to the sum, or 
to a multiple of the sum of the combining weights of its con- 
stituent elements. Hence it follows, that accurate determinations 
of the combining weights of different elements, and approximately 
accurate determinations of the densities of these elements and 
their compounds in the state of gases, furnish the data required 

^ See ante, par. 4. 
M. T. C. 2 
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for finding the most probable values to be assigned to the .mole- 
cular weights of the elementary and compound gases in question. 

Thus, the combining weight oi' chlorine has been very 
carefully determined by Stas to be 35-37. An experiment 
which may be easily and rapidly performed ahewa that chlorine 
is approximately 35^ times heavier than hydrogen ; hence the 
molecular weight of chlorine gas is evidently very nearly equal 
to 35-37 X 2 = 70 74. 

Again the combining weight of beryllium, as very accurately 
determined by Nilsou and Pettersson, has been found to be 
4-54. The chloride of this metal contains beryllium and 
chlorine united in the proportion of ■t'.^4 to 35-37, hence the 
molecular weight of this chloride is n {35 37 + 4-54). Beryllium 
chloride has been recently gasified by Nilson and Pettersson ; 
the density of this gas is about 40J times that of hydrogen, 
therefore the molecular weight of the gas is about 81. Now 
35-37 + 4'54 = 3991 ; hence the molecular weight of the gas is 
39-91 X 2-79-82. 

35. In paragraph 32 it was said that the parts of the 
molecules of an elementary gas are called atoms. The atoms of 
the elements are the ultimate portions of matter with which we 
have to deal in chemistry. 

Now the molecule of a compound gas must be built up of 
two or more elementary atona.? (refer back to the reactions 
studied in par. 30). It is evident that no molecule of a compound 
can contain less than one atom of each element present in the 
compound. 

36. Hence we arrive at the following definition of the 
masimura value to be given to the atomic weight of an 
element : — 

The maximum atomic weight of an element is the smalleBt 
mass, in terms of hydrogen as unity; of that element in a molecule 
of any compound thereof. 

The word maximum is introduced into this definition 
because the value assigned to an atomic weight by this method 
may be too large, but is certainly not too small For, consider 
what the definition implies. It implies that a number of gaseous 
compounds of the element whose atomic weight is required are 
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known, that these have been carefully analysed, and the density 
of each has been determined. It implies that the mass of the 
given element in each of these compounds is stated in parts 
per molecule. Then the smallest mass is said to be the 
maximum atomic weight of the element. But it is possible 
that a new gaseous compound of this element may be prepared 
which shall contain, per molecule, a smaller mass of the element 
than is found in a molecule of any of its compounds at present 
known. In this case the value now assigned to the atomic 
weight will be decreased. 

Take the following data for determining the atomic weight 
of oxygen : — 

Data for determining the atomic weight of oxygen. 



Gaseous compound. 


Density 
H = l. 


Molecular 

weight 

(approximate). 

44-15 

64-9 

86-9 


Analysis, stated in parts per 
molecule. 


Carbon dioxide 
Sulphur dioxide 
Sulphur trioxide 


22-07 

32-4 

43-4 


31-92 oxygen + 1 1 -97 carbon 
31-92 „ +31 -98 sulphur 
47-88 „ +31-98 „ 



Were no other gaseous compounds of oxygen known than 
those in this table, we should adopt the number 31*92 as the 
maximum value to be given to the atomic weight of this element. 
But consider the following numbers : — 



Gaseous compound. 



Carbon monoxide 

Water 

Nitric oxide 



Density 
H=l. 



13-9 
8-9 
15 



Molecular 

weight 

(approximate). 



27-96 
17-99 
30-00 



Analysis, stated in parts per 
molecule. 



15-96 oxygen f 11-97 carbon 
15-96 „ +2 hydrogen 
15-96 „ + 14-01 nitrogen 



i> 



Hence the value previously given is too large, and the 
maximum atomic weight of oxygen must now be taken as 15*96. 

The greater the number of gaseous compounds of a given 
element which have been examined, the greater is the probability 
that the maximum value assigned to the atomic weight is the 
true value. 

2—2 
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^^ ^, ^. ^ molecular weight of element . ,, , 

37. The quotient -. i^j. r i 1 — is called 

^ atomic weight oi element 

the atomicity^ of the elementary molecule. As it is sometimes 

.,,.«., . .. «,, 1 ^ molecular weight „ 

said that tor the maiority ot the elements — 7 — ; ^-ft— = ", 

•^ , "^ atomic weight 

it may be well to place before the student the actual data which 

we have concerning the value of the quotient in question. 



Atomicity of elementary molecules. (Only thirteen elements 

have been gasified.) 



Monatomic. 


1 

Diatomic. 

1 


Tri atomic. 


Tetratomic. 


Hexatomic. 


Cadmium 


Hydrogen 1 


Oxygen as 
oz'»ne 


Phosphorus 


Sulphur 


Mercury 


Chlorine 

* 




Arsenic 


(450* to about 
550') 


Iodine 


Bromine j 


Selenion 






! (at about 1500*^) 
1 Bromine at 


Iodine 

(200° to about 


(TOO^'-SOO") 






about 1800"] 


1000°) 
Oxygen 
Sulphur 
(at 800" and 

upwards) 
Selenion 
(at 1200" and 

upwards) 
Tellurium 










Nitrogen 









38. There are other methods than that based on the appli- 
cation of Avogadro's law for determining the values to be assigned 
to the atomic weights of the elements. The most generally 
applicable of these methods is that founded on the law of Dulong 
and Petit. 

This generalisation states that the product of the specific 
heat of any solid element into the atomic weight of that 
element is a constant number, the mean value of which is 6*4. 

^ The term atomicity has been used as synonymous with maximum valency of 
an elementary atom *, but chemists are now fairly well agreed to employ the 
term with the meaning given to it in the text. 
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If this is granted it follows that r^. — ; — i — t. — n — ; 

° specinc neat of solid element 

= atomic weight of the element (approximately). 

But the specific heat of a solid body is a number which varies 
with the temperature and with the physical state of the body. 
Thus, the specific heat of diamond at moderate temperatures is 
different from that of giaphite, and the specific heat of any 
variety of carbon has a much larger value at high tlian at low 
temperatures. 

Several elements have not as yet been obtained in the solid 
form, or not obtained in sufficient quantity and purity to enable 
satisfactory determinations of their specific heats to be made, 

39. Another method by the use of which the values of some 
atomic weights have been fixed is based on the law of isomor- 
phism, which states.that identity of crystalline form is conditioned 
only by the number and arrangement of the atoms in the mole- 
cules of the isomorphous (i.e. crystal lographically identical) 
compounds. Hence, on this hypothesis, if the number of atoms 
in the moleoule of one compound is known, the number of atoms 
in the molecule of another compound which crystallises in the 
same form is known also ; and hence, if the atomic weights of 
all the elements except one in the second compound are known, 
the atomic weight of the remaining element can be determined, 
Thus the value assigned to the atomic weight of chromium by 
the use of the methods founded on Avogadro's law, and on the 
law of Dulong and Petit, is 524i ; from this, and irom the results 
of analysis, the molecular weight and composition of the green 
oxide of chromium are represented by the formula liCfjO,, where 
Cr=52'4 and n ia a whole number'. But ferric oxide and chromic 
oxide are isomorphous, hence ferric oxide is probably represented 
by the formula h Fe^Oj. If this is so then Fe=56; because 104'8 
parts by weight of chromium are combined with 48 of oxygen in 
chromic oxide, and 112 of iron are comhined with 48 of oxygen 
in ferric oxide ; in other words, 1048 partsbyweight of chromium 
in the oxide are replaced by 112 of iron without change of 
crystalline form'. But 104'8 represents the weight of two atoms 
mium, therefore, as identity of crystalline form is associated 

KjAh thin Dxidi! huH lint IxjL'n t.'ii'<il'i<)il "''' '^utiiiol ilc^cidi' what iu the vii,lui! of ii. 
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with identity of numbers of atoms, 1 12 represents the weight of 
two atoms of iron, and therefore the atomic weight of iron ia 56. 

The application of the method of isomorphism to determine 
atomic weights is however beset with many difficulties. Some- 
times a group of atoms is crystal I ographically equivalent to a 
single atom ; sometimes it is very difEcult to determine the 
exact meaning to be given to the expression ' isomorphous 
compounds.' In a word, our knowledge of the connections 
between crystalline form and chemical composition is too small 
to enable us to iissent to the law of isomorphism in the form in 
which it is usually stated. 

40. Besides these three physical methods, there are various 
chemical methods for finding values for the atomic weights of 
elements. These may be broadly grouped together as methods 
based on analogies of composition and reactions between 
fompounds, the molecular weight of one or more of which ia 
already known. 

Thus, compounds of hydrogen with (1} sulphur, (2) selenion, 
(3) tellurium, are known. These compounds shew very close 
resemblances in their chemical behaviour, hence pn>bably their 
composition is very similar. The composition of the molecule 
of the sulphur compound is represented by the formula SH, ; 
hence the composition of the other coropounda will probably 
be represented by the furmulte SeH, and TeH, respectively. 
These formulae are quite in keeping with the analyses of the 
compounds, provided the value 78"S is given to the atomic 
weight of selenion and 125 to that of tellurium. 

But there is no generally applicable chemical method for 
finding either molecular or atomic weights. Each case has to be 
discussed more or less as a separate question'. 



Concluding remarks to Chapter I. 
41. The student must bear in mind that the molecular 
theory of the structure of matter is a theory, not a statement 
of facts, but that it is a theoiy which has very much aided the 
"advance of physical science. He should also particularly 
* The subject uf atomic and molecular weights is of the almost importuiee ; 
it hftH hecn treated in detail and fully illuBtratcd by esamplcB in " A Treatise o 
the PiintiplBB of Chemistry " by the autlior. 
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remember that the theory has been worked out in any detailfl 
only for gases: indeed it may be said that for gases alone havtffl 
we any kinetic theory. 

We shall use this theory as our chief guide in attempting toa 
interpret chemical phenomena which occur among gaseous otM 
gaaifiable bodies, when we are chiefly paying attention to thesoiM 
phenomena from the point of view of the composition of the! 
changing chemical system. For it should be remembered thafefl 
any chemical occurrence presents two distinct although closely^ 
connected aspects. It presents us with a transformation i 
matter, and a transformation of energy. In treatises on generalB 
ohemistry, the former transfonnations, or we may almost say the J 
initial and final stages of the former transformations, are alonol 
stodied. In treatises on heat, attention is particularly directed! 
to the second class of transformations. In thermal chemistry, BXiM 
attempt is made to combine both aspects of the occurrenceal 
which we call chemical changes, and to generalise the relationaH 
between the two kinds of transformations. 

42. A chemical change, if it is possible to isolate the 
chemical part from accompanying physical parts of a process, will 
be regarded as essentially a change in the distributions, configu- 
rations, and motions of atoms which together form a molecule or 
molecules. Strictly speaking this definition can he applied only 
to gases, and eren then it is difficult if not impossible to keep 
within the terms of the definition. Nevertheless it is well that 
we should have such a definition. The energy- changes which 
we shaU have to study will be regarded as changes accompanying 
alterations in the distributions, configurations, and motions of 
atoms. But here again we shall find ourselves compelled to relax 
the definition, and frequently to leave the inquiries as to the 
exact mechanism whereby the transformations of energy we are 
dealing with are brought, about, more or less unanswered. 

43. The physical inquirer regards the properties of any 
kind of matter as conditioned by the nature of the molecules, by 
the number and arrangement of these molecules in a given 
volume, and by the motions of these molecules. The molecule 
may have parts ; if so the total kinetic energy of the material 
system must be composed of two parts, one part due to the 
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motion of agitation of the molecules as wholes, and the other 
due to the rotational motions of the parts of the molecules. The 
properties about which the chemist seeks to gain knowledge are 
rather regarded as chiefly conditioned by the nature, number, 
arrangement, and motions of the parts of the molecules which 
build up the body he examines. To gain such knowledge he 
must study the action of various external agents, e.g. heat, other 
chemical bodies &c. on the substance whose properties he investi- 
gates. He is thus bound to study changes; he does not so 
much deisire to know the properties of this body or that system 
considered apart from other bodies or systems, as to learn how 
the properties of mutually acting systems are modified by those 
actions, and more especially when he studies thermal chemistry 
he wishes to learn something of the connections which exist 
between the changes in the nature, number, distribution, and 
motions of atoms, on the one hand, and the changes of energy 
on the other hand. 

44. It is proposed to divide the subject matter of thermal 
chemistry into the following groups, 

I. Statement and illustrations of methods of inquiry. 

II. Applications of thermal methods to chemical questions. 

III. Applications of the same methods to questions which 

are partly chemical and partly physical. 

IV. Discussion of the chemical interpretation to be given 

to thermal data, in the light of the prevalent theo- 
ries regarding matter and energy. 



CHAPTER II. 

METHODS OF INQUIRY USED IN THERMAL CHEMISTRY. 

Section I. Measurement of heat or Calorimetry, 

45. As heat is a form of energy it may be measured by 
transforming it into mechanical work and measuring the work 
done in terms of some unit e.g. the erg. But heat may also be 
measured by causing it to produce some definite physical change 
iu a given mass of a given substance. * When two equal 
portions of the same substance in the same state are acted on 
by heat in the same way so as to produce the same effect, then 
the quantities of heat are equal' \ 

46. The standard substances usually employed are (1) ice, 
and (2) water. 

If ice is employed, the unit of heat is defined to be that 
quantity of heat which will change unit mass of ice into the 
same mass of water without any rise of temperature, the 
pressure being 760 mm. throughout the change. 

If water is employed, the unit of heat is defined to be that 
quantity of heat which will raise the temperature of unit mass 
of water at some standard temperature through one degree. 

As unit mass, one pound, or one grain, or one kilogi'am, 
or one gram, may be used. 

In almost all thermochemical researches the unit mass 
actually employed has been one kilogram or one gram. If the 
former, the unit of heat is generally called a large calorie or a 
kilogram-unit ; if the latter, the unit of heat is called a small 

^ Maxwell, Theory of Heat ^ p. 54 (6th ed.). 
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calorie or a gram-unit. If the heat is measured by allowing it 
to melt ice without raising temperature, then the unit of heat 
is called the ice-calorie ; if the heat is measured by causing it 
to raise the temperature of water through one degree, then the 
unit of heat is called the water-calorie. One ice-calorie is equal 
to80-025 water-calories, 

47. 'The quantity of heat required to raise the temperature 
of unit mass of water through one degree depends upon the 
initial temperature of the water. This initial temperature mnst 
therefore he stated. Berthelot^ employs water at 0" C; Thomsen', 
water at 18 — 20°C. The difference iu the value of the calorie 
dependent on this difference of initial temperature does not 
exceed one iu a thousand. 

The unit of heat generally adopted in this book is defined 
to be that quantity of heat which is required to raise the 
temperature of one gram of pure water at 18- — 20° C through 
one degree centigrade". 

48. Various forms of calorimeters are used in thermochemi- 
cal investigations. The instrument usually employed for 
measuring the quantities of heat produced in reactions between 
substances in aqueous solutions consists of a platinum vessel, 
capable of containing from fiOO to 1000 c.c, placed inside 
anothervesselof silver or thin sheet iron, with water between the 
two vessels. The liquids which react on each other are brought 
to the same temperature, and are then mixed in the platinum 
vessel, and the rise of temperature in the contents of tliis 
vessel is registered. The outer vessel serves to prevent any loss 
of heat to the surrounding air. Many devices are adopted for 
securing this end (see par, 49), Bert helot surrounds hia 
calorimeter proper with several other vessels of silver and sheet 
iron, each furnished with a cover, a thermometer, and a stirrer, 
Thomsen prefers to employ fewer exterior vessels ; he works in 
a room the temperature of which does not vary more than 
O^'l to 0''"2 C during the time his experiments proceed. 



1 Meeaiuque CMiiiigiie fondee siir la TJiermoclumie, 1, xxxi. 
* ThCTTnacheniische Untersuchnngen, 1, 93. 
' Some data are quoted from Berthelot or his pupOa ; tbeae 
Berthelot's ualoriiis which arc referrod tu water at 0". 
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^^^^r'The speciiic heat of the liquids which are mixed in th< 
^^^BtHimeter must be carefully determined throughout a con- 
^^^Raefable range of temperatui 

Special kiuds of calorimeters have to be employed for special 
purposes. When the heat produced during the burning of a 
element or compound in oxygen, or in another gas, is to 1 
measured, a bulb of platinum is usually employed. - This : 
placed in a vessel, or vessels, containing a known mass of water! 
at A known temperature. The combustion proceeds in the 
bulb, and the heat produced ia employed in raising the tempera- 
ture of the water in the calorimeter. If the products of the 
combustion are gaseous they must be collected in a specially 
constructed apparatus and their weight determined. Some- 
times small quantities of material must be employed e.g. 
in the action of nitric acid upon benzene. Sometimes the 
reaction must proceed in a closed vessel e.g. when one of 
the reacting substances is changed by contact with air. Some- 
times the reaction must be conducted at a temperature con- 
siderably higher than the ordinary ; in such a case the apparatus 
is enclosed in an outer case, the space between the two parts 
of the apparatus is filled with air or with some liquid, and the 
temperature ia maintained at the required degree by immersing 
the whole apparatus in a bath. 

The most dehcato thermometers must of course be employed ; 
each instrument must be carefully calibrated and the errors of 
zero point &c. determined from time to time. 

When a reaetion occurs between two hquids it is very 1 
necessary to keep the liquids constantly agitated ; the water in ■ 
the outer part of the calorimeter must also be maintained in 
constant agitation. Various forms of agitators have been de- 
vised by Berthelot, Thomsen, and others, Thomsen employs a 
small electromagnetic engine to work the agitator of his 
apparatus. j 

40. In this paiagraph short deacriptiona are given of the piincipal I 
oalorimeters commonly used by Berthelot and Thomsen. For details I 
regBi'ding these in strum eats, and for desci'iptiona of the various 
precautionH taken, ami the corrections which must be made, the 
student is referred to the memoirs and books to which references are 
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(A fig. 2), with ite corer ami tliemiometer (A' tig. 2). in iin outer 
veeuel of thin coppei", which is immediately surrounded by another 
vessel of silver with a cover (Ji fig. 2) ; this vessel is placed in a 
considerahly larger double wallefl veaael of sheet iron {C fig. 2), con- 
ttuningfrom 10 to 14 litres of water between the walls, and furnished 
with a stirrer (D fig. 2) and thermometer (E fig. 3), The whole 
series of vessels is surrounded with thick felt The calorimeter 
proper rests upon three pieces of cork, the silver vessel likewise resin 




upon cork. The water is placed in the outer vessel some days hefore 
an eiqieriment is to be made. The whole apparatus stands on a 
wooden bench in a lai^e room protected from the sun's rays. All the 
liquids, the thermometers, the stirrers, <tc,, are placed in this room 
some days before the experiments begin so that every thing may he 
early as possible at the same temperature. 

(uids to be nuKed, e.g. aqueous solutions of snl|ihiiric acid 
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and oaustic soda, are placed in flasks made of tliin hard glass with 
very short necka, (if long-necked flasks are used the diS'erence 
between the temperature of the liquid in the flask and that in the 
neck may amount to one or two-tenths of a degi-ee C.) ; the flasks 
are placed on straw rings inside silver vessels until the contents 
attain a constant temperature. 

Let us suppose it is desired to determine the theraial value of 
the reaction between equivalent quantities of sulphuric acid and 
potossium sulphate, each in dilute aqueous solution. Two large flasks, 
containing about 4 litres each, are tilled with the carefully prepared 
solutions; after these, and the other parts of the apparatus, have 
been for some days in the experimenting room, two flasks, holding 
300 Q.c, each, are filled with the respective liquids, one of the liquids 
is poui-ed into the calorimeter, the stirrer is set in motion and the 
tempei'ature is noted at regular intervals. Tlio flask containing 
300 c.c. of the other liquid is set on a straw ring in a metallic vessel, 
the contents are stirred by means of a thermometer and the 
temperature is noted at regular intervals. When the teuiperature 
of each liquid has become nearly constant, the flask is seized by 
a wooden holder, the contents are rapidly emjrtied into the 
calorimeter, (the stirrer being in motion all the time) and the course 
of the thermometer is noted for some time. 

The following numbers are taken at haphazard'. 

First liijuid (sulphuric acid, 49-0 gi'ams in 4 liti-es) 300 c.c. in 
calorimeter; temp. = 23''45. 

Second liquid (potassium sulphate, 87'1 grams in 4 litres) 300 c.c. 
in a flask; t«mp. = 23°-44. 

Mixed liquids ; temp. ^ 23°-33. 
Henco, meaa temp, before mixture - 23"'445 ; t«^np. after 
mixtui* = 23°33. 

Fall of temperature = 0°-l 1 5. 
Experiment repeated. 

Temp, of first liquid = 23°-43 ; of second liquid ^ 23°'4n5. 

Mean temp. = 23°4175. 
Temp, of mixed liquids^ 23°-305. 

Fall of temperature = (f-\\2?i. 
The thermometers used indicated a difference of 0°005. 
If one of the liquids which mutually react is very volatile (e.g. 

Bsary precantionB and 
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hydrocyanic acid or cyanogen chloride), or changes on exposwre to air 
(e.g. concentrated sulphuric aciil, phosphorus chloride iic), or gives 
off vapours (e.g. concentrated acid aolutiouB), then it must be weighed 
in a small tube or bulb of tbin gfess. This bulb is placed on a, 
small platinum support, immersed in the liquid in the calorimeter 
(which is stirred till the temperatui'e is constant), and then broken 
by a little crusher of platinum or glass. If the reaction is rapid and 
ia attended with evolution of much heat, e.g. the mutual action of 
water and phosphorus trichloride, the small bulb Las a long tine- 
drawn out neck, the end of which is broken iu the calorimeter so 
that the liquid slowly passes into the bulb. In some cases the bulb 
is fm-niahed with a tube bent twice at right angles, so that any gases 
evolved during the reaction may pass through the tube and then into 
the liquid in the calorimeter. 

Solida to be dissolved in liquids iu the calorimeter are carefully 
powdered and sifted, the temperature is npprosimateiy deteiinined by 
surrounding the bulb of the thei'mometer with the solid, and the 
substance is rapidly thrown into the calorimeter. Sometimes it is 
necessary to crush a solid in the calorimeter, (e.g. a deliquescent salt); 
this is done by means of a little piece of platinum attached to a lung 
thin stem which tenniniitfs in a wooden handle. The thermal value 
of the action of a liquid (e.g. water) on a salt dehydrated by heat is 
determined by heating the salt in a small weighed fiask, cooling in a. 
dry atmosphere, throwing a portion of the salt into the required liquid 
in the calorimeter, and weighing the salt which remains in the flask. 

If the thermal value of an action between a gas and a liquid 
which absorbs it is to be determined, the tube conveying the pure 
dry gas into the liquid in the calorimeter is furnished with a 
three-way stopcock, which is arranged so that the giis passes through 
the tube for some time and drives out all the air; the stopcock is 
then turned, and the gas passes into the liquid in the calorimeter. 
The quantity of gas absorbed can be dotennined by weighing the 
calorimeter hefore and after the experiment, or by analysing the 
liquid in the calorimeter when the action is comjj^eted. The gas is 
usually allowed to pass until a change of temperature amounting to 
2" or 3' has been registered. 

The calorimeter which Thomson employs for measuring the thermal 

values of reactions between liquids which do not readily evaporate, 

or evolve gases during their mutual action, consists of two platinum 

vessels, placed one at a higher level than the other'. The capacity of 

' Thfriaoehe-mlselie UnUrtitchangen 1. IB — 24. 



32 METHODS OF IXQUIRT. [cHAP. IL § 49. 

the npper tcsmI {A fig. 3) boOOce. ; that of the lower (B &g. 3) 
being 1000 c.c Each is samonnded h\ *a outer vessel (C and D 
fig. 3), and each ia fumisbed with a stimr (c and e") and a theriDometer 




{t and I'), and in covered by a lid. Communication between the 
two vesnelfl iti efltafaliahed by means of a short platinum tube (d), 
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Btopped at its upper end by a plug of platinum (e) ; this plug can he 
removed hj raising a platinum rod (_f) which paBsea through the 
cover of the upper vessel of the calorimeter. The liquids which are 
to be mixed are weighed oat into the two vessels, the stirrerfi are set 
is motioD, and the temperature of each liquid is noted at regular 
intervals. When the temperatures are the same the platinum plug is 
withdrawn ; the liquid in the npper vessel flows rapidly into the lower 
vessel (the stirrer being in motion); and the course of the thermometer 
in the lower vessel is noted for some time {from 3 to 6 minutes). 

Xhomsen surrounds his calorimeter proper with one outer vessel 

only; the temperature of the room in which he works does not vary more 

than 0°-l to 0°-2, during the time he daily devotes to his experiments'. 

B. Calorimeters for measuring the thermal values of processes 

of combustion, or of reactions between liquids, or liquids 

and solids, wherein much heat is evolved ; e.g. combustion 

of hydrogen in chlorine, action of nitric acid on benzene 

or on cellulose. 

For measuring the thermal value of the combustion of hydrogen. 

in chlorine, Thomson employs a platinum bulb of about 500 c.c. 

capacity {A fig, 4), placed in a vessel containing 3O0O grams of 




' For a deacription at the room and the methods used for maintaining a 
constant temperature, lee Thomsen, loc c%l 1 23 — 24. 
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water (fi tig. 4), itseK suiroundeil by a larger vessel with double 
walls the space between wLicb is filled with water (C fig. 4). Pure 
dry hydrogen and chlorine flow at a definite and constant rate' into 
the platinum bulb (^A) ■ the comboGtion is tttai-ted by the passage of an 
induction -spark between two tliin phttinnm wires on either side of the 
opening of the tube which delivers chlorine. A third tube conducts 
away the hydrochloric acid which is formed, into water contained in 
a flask and two tubes (D and E fig. 4), which are weighed before 
and after each experiment. The solution of hydrochloric atrfd formed 
in the absorption-apparatus is carefully analysed after each combus- 
tion. The calorimeter (B) and the outer vessel (C) are each 
furnished with a stirrer and a thermometer. 

Berthelot determines the thermal value of such reactions as that 
which occurs when sulphur is burnt in oxygen, or when hydrogen ia 
burnt in oxygen or in chlorine, in a calorimeter consisting essentially 
of a cylindrically shaped vessel of thin hard glass of about 400 e.c. capa- 
city, suiTounded by about 1000 c.c water contained in a calorimeter 
of platinum with its surroundings of outer vessels as described on p. 29. 




Fio. 6. 

- > Thoee parts of the apparatus for mBking and puiifying hydrogen and 
ohlorine are not shewn in Bg. i : for details, whiuh are very complicated, see 
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Fig. 5 represents the apparatus. The glass vessel has two necks. 
Oxygen (or whatever the gaseous supporter of the combustion may 
be) enters by the tube a which passes through the narrower neck. 
The wider neck is fitted with a cork through which passes a ghiss 
tube h ; the small porcelain crucible c is suspended by a platinum 
wire immediately underneath the centre of the tube b. Plates of 
mica (d, d) protect the cork from being scorched during the reaction. 

Near the bottom of the glass vessel is an opening from which 
proceeds the glass spiral tube e, e, e; the gaseous products of 
combustion pass away through this spiral after being cooled by the 
water in the calorimeter. 

The combustion of sulphur and of certain solid hydrocarbons in 
oxygen is described in detail by Berthelot^ The combustion of 
sulphur is started by dropping a small piece of burning charcoal 
through the tube h into the crucible c which contains the sulphur. 
Special arrangements are described for condensing and measuring the 
sulphur dioxide (and small quantity of carbon dioxide) produced. In 
the combustion of a solid hydrocarbon the crucible c is replaced by a 
small metallic lamp, with a wick of asbestos, containing the hydro- 
carbon, which is ignited just as the lamp is introduced into the glass 
vessel. The carbon dioxide and water produced are collected by special 
methods ; traces of unbumt hydrocarbon are collected and weighed. 




Fm. 6. 
^ Micanique Chimique 1. 242 — 246. 



3—2 
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When a. gas ii Ijurnt in a gas (e.g. hydrogen in chlorine) the glass 
vessel ia made with one neck, thi-ongh which [lassiea a cork, carrying 
two delivery tubes, arranged as shewn in iig. G. The ends of these 
tubes within the glass vessel are made of thin platinum foil. 

For measuring the thermal change which accompanies the action 
of concentrated nitric acid on benzene, mannite, cellulose, &.C. 
Berthelot employs a small platinum cylinder of a capacity of about 
GO c.c. immersed iu about 600 c.c. water, contained in a calorimeter 
with surrounding vessels &c. such as has been already described. A 
weighed quantity of nitric acid is placed in the small platinom 
cylinder, the water ia kept in motion until the temperature ia 
constant, and the benstene is then added dro]> by drop, with constant 
agitation both of the cylinder and the exterior water. If the body 
to be nitrated is a solid, e.g. cellulose, a weiglied quantity ia placed 
in the cylinder, which is closed by a cork covered with paraffin, 
and the acid and cellulose, or other body, are brought into close 
contact by stirring with a small glass rod. 

Berthelot describes a pel.it laborafoire of platinum, for use in 
reactions wherein gases or volatile 
liquids take part. The dimensions 
of this vessel (see fig. 7) are such that 
it may be placed in the midst of about 
fiOO c.c. water contained in one of 
Bevthelot's ordinary calorimeters. The 
apparatus consists of three parts ; a 
cylinder A, A, of a capacity of about 
.50 c.c. ; a spiral tube B, B, B; and a 
leceiver C, The spiral tube passes 
into a side tube soldered on to the 
cylinder a little way beneath the 
point whore the latter is narrowed; 
this spiral also fits firmly, but so that 
it may he withdrawn when required, 
into a tube soldered into the side of 
the receiver. Sheet caoutchouc is 
wrapped round the points of junction 
of the spiral and the aide tubes of the 
Fi,i_ 7, cylinder and receiver. 

C. Special calorimeters for measuring tho thermal values of 
various chemical changes. 
When a reaction occurs without explosive violence between two 
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iGiiBured is tbe 
at a slow rate 



gases at ordinary temperaturea, e.g. NO + = NO^, Berthelot fre- 
quently makes use of two giasB bnlba, one placed inside the other. 
The smaller bulb La blown very thin in one or two places ; it is 
filled with one of tbe gases, aiij is placed in- 
side the larger bulb. The outer bulb is then 
drawn out to a fine opening at one end, filled 
with the other gas, and sealed. The whole 
arrangement is fixed oo a stirrer and imTnoiiied 
in water in a calorimeter ; the inner bulb ia 
broken by briskly agitating the lai^ei" bulb, and 
tbe course of the thermometer in the calorimeter 
is noted. The larger bulb is now turned so 
that its drawn-out end is downwards, a solution 
of some reagent which will abaorb the products 
of the chemical action is added to the water 
in the calorimeter, and the end of the bulb is 
broken. The liquid is then collected and ana- 
lysed. -Fig. 8 shews the bulbs J actual size. 

When the thermal change which is to be i 
accompaniment of a chemical change 
between a gas and a liquid, e.g. the action ( 
oxide solution or when the li"iuid used 
IS changed by exposure to air e g sodium 
hyposulphite solution, a closed calon 
luetei m 1st be employed and special 
\ rei-autiona must be taken 

As t>piLal coses let ua glince at 
Berthelot s methoda for determimnif the 
thermal \alue of the action bi.tw en 
ozone and arsenioua oxide solution and 
of the action between oxygen an 1 an 
aqueous solution of sodium hjpoanl 

The aiparatuB in nhich the fiiat of 
these reactions is conducted is t.hewn in 
hg 9 Ozonised oxygen passes into the 
flask A, the capacity of which is 800 c.c, 
and which contains 600 ac. of an aqueous 
solution of araeuious oxide, to which 
about 5 c.c. of concentrated hydrochloric ' ' ' 

acid has been added. The arrangement of entrance and exit 
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tubea, thenwometer ifec. iu sufficiently indicated by the figure ; the 
flaalc is shewn placed inside one of Berthelot's ordinary calori- 
metera. The pRBsngo of ozonised oxygen is continued for 20 to 30 
minutes, the rise of temperature being continuoualy noted. The 
electric discharge is now stopped, but the passage of oxygen is con- 
tinued for 20 minutes longer. The contenta of the flask are now 
analysed (by titration with standardised permanganate solution) ; a 
similar analysis is made of 600 c,o, of the original arsenioua oside 
solution, and so data are obtained for finding the quantity of 
arsenioiis oxide oxidised to arsenic oxide, and hence for finding the 
mass of ozone absorbed by the solution'. 

The absorption of oxygen by sodium hyposulphite solution is 
conducted in an apparatus closely i-esembling that shewn in fig. 9. 
About 650 c,c. of an aqueous solution of the hyposulphite is used, 
the concentration being such that this quantity can absorb about six 
times its volume of oxygen. At the beginning of the experiment 
the fiaak is filled with nitrogen by displacement ; the hyposulphite 
solution is then run in fi'om a specially constructed reservoir, the 
atmosphere in which consists of nitrogen ; the entrance and exit 
tubes of the flask are closed by small caps, and the flask and its 
contents are weighed. The flask is then placed inside the silver vessel 
of a large calorimeter, and the course of the thermometer is observed 
for 10 minutes; a tube which conveys pure dry oxygen from a gaa 
holder is attached to the entrance tube of the flask ; the exit tube 
from the flask is attached to another tube passing under the surface 
of water so that the rate of the oxygen-current may be regulated, 
and oxygen is passed into the solution in the flask. The course of 
the thermometer is noted for 10 minutes or so ; the stream of oxygen 
is stopped, and the caps are placed on the entrance and exit tubes of 
the flask, which is again weighed. 

When gases are evolved during a reaction the thermal value of 
which is to be determined, and when it is necessary to collect and 
measure these gases in the calorimeter, complicated forms of ap- 
paratus must be employed. 

Fig. 10 represents the arrangement made use of by Berthelot for 
the thermal study of the action of an aqiieous solution of potash on 
an aqueous solution of hydroxylamine bydrochlorate {NH^OH HGl), 

' The OKoniaer uaed by Berthelot is not flhywn in tho figure. It is a useful 
piece of apparatus; see for a description Jlf&anijue Chimiqae l, 222^234. 
Cup-jointa containing eulphuric acid are better than Chose described bj 
Berthelot. 
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The reactiou in question results in the foituation of potiieaiuni 
chloride, ammonia, nitrogen, and water ; in order to determine the 
^^^^moimt of chemical change accompanying a measured thermal change 

it is necessary to collect and measui-e the nitrogen which is formed. 
The large test tulie A contains a known quantity of an aqueous 
solution of potasli of known strength ; the anialler tube B contains 
about 1 gram of a concentrated aqueous solution of hydrosylaiuine 
hydrochlorate. The small tube is held in the position shewn by 
a spiral of thick platinum wire, wliieh is attached by a very thin 
short piece of platinum wire {^th millira. thick) to the ends of two 
copper wires covered by caoutchouc so as to form an electric cable 
which passes out of the calorimeter to a battery. The tubes A and 
B are arranged inside a glass bell-jar capable of containing 200 to 
250 C.C. water, and this is itself placed in a large calorimeter containing 
about 1000 c.c. water. The bell-jar tits into an exterior covering 
of copper to which a handle is attached ; by this means the bell-jar 
with the tubes can be firmly fixed in the water of the calorimeter. 
The tube A ia closed by a cork, through which pass the electric wii-es, 
and also an exit tube for the gas produced during the reaction. 
Eveiy part of the apparatus is weighed separately before the 
experiment begins ; the specific heat oE each part is of course 
determined. The bell-jar with its contents having been lowered 
into the calorimeter and secured, the air in the jar is removed by 
means of an inverted syphon ; the course of the thermometer in the 
calorimeter is observed for 10 minutes j an electric current is passed for 
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an instant, whereby the small thin platinum wire ia melted, the tube 
containing the hydroxylamine salt drops into the lai^r tnbe 
containing potash, and the chemical reaction proceeds. When no 
more gas has been evolved for some time, the calorimeter and its 
contents are placed in a large vessel full of water ; the calorimeter is 
removed; and the gas in the bell-jar is transferred to a measuring 
vessel, where ite volume is determined. 

The volume of air in the tubes A and 5 is known from pre- 
liminary experiments ; hence the volume of nitrogen produced in the 
reaction ia found, and hence the amount of chemical change which 
has accompanied the observed thermal change ia calculated. 

It is sometimes necessary to add a definite quantity of heat to 
the chemical system under consideration in order to bring about the 
change the thermal value of which is to be determined. 

Take for instance Bertbelot's determination of the thermal value 
of the reaction 

NH, N0,^N,+ 2H,0, 
occurring at about 80°. 

The apparatus consists essentially of two parts : one designed 
for the purpose" of adding an accurately measured quantity of heat to 
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a known quantity of ammooiuin nitrite; another designed for tlie 
purpose of measuring the quantity of heat evolved (or absorbed) 
during the decomposition of thia quantity of ammonium nitrite. 
The source of heat is 25 grams of water at a definite temperature. 

This mass of vater is placed in the inner tube A of the apparatus 
shewn in fig. 11. This tube is surrounded by a considerably laiger 
vessel, BB, containing about 800 c.a water, which is heated by 
passing steam into it by the tube a. When the temperature of the 
25 grams of water in the tube ^ is a very little higher than the 
desired temperature, a few bubbles of air are passed into the water 
by pressing the caoutchouc ball e ; the thermometer is again read ; a 
mark is made by a sharp file close to the lower end of A ■ and the 
whole apparatus is transferred to the vessel containing the ammonium 
nitrite to be decomposed. This apparatus is represented in fig. 12. 
It consists of three large tubes of thin glass, AA, aa, and BB, placed 
inside a calorimeter containing about 800 c.c. water. The tube aa 




is a very little wider than AA ; the space between them is partly 
occupied by a concentrated aqueous solution (about 3 — 4 c.c.) of 
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ammonium nitrite, the upper level of this liquid being a little lower 
than the level of the wann water in the inner tube AA. 

A hole (2) is made in the cork which cIoseB AA ■ the lower end 
of the tube containing the 25 grama of warm water is inserted 
through this bote ; the point of the tube is broken off by pressing 
against the aide of the tube AA ; the water rushes into AA, and the 
chemical reaction begins. The gaseous products of decomposition 
pass through the spiral tube bb, and, after being cooled, are collected 




FiQ. IS. 

in a graduated tube. The space between the tubes aa and BB is filled 
with air; this prevents the cold water in the calorimeter from 
lowering the temperature of the ammonium nitrite solution and so 
stopping the decomposition. The quantity of ammonium nitrite 
remaining when the action has ceased is determined. Two experi- 
ments must be made, one to find the rise of temperature in the 
water of the calorimeter produced by running in the 25 grams of 
wai-m water, and the other to determine the total rise of temperature 
which occurs when the water is run in, and the chemical action is 
thereby accomplished. 
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Sometimes it is desired to determine tlie thermal value of aaa 
operation which occurs at a temperature higher than that of the J 
lading air, and which must be conducted in a chamljerw 
Hided by a roedium hotter than the exterior air. !Foriuatan08> J 
let it be required to measure the quantity of heat evolved or absorbed™ 
when common suit dissolves in water at 86°. Eerthelot conducts ths'l 
operation in a glass vessel placed inside another similarly shaped ■ 
larger vessel; the space between the vessels is filled with air, and the I 
outer vessel is immersed in hot water: see fig. 13, A weighed quantity 1 
of finely powdered salt is placed in A; when the temperature of A and 
that of the water in which the whole appai-atus is immersed are both 
at SS", and have remained coostant for some time, the glass plug 
a is lifted, the stirrer is set in motiou, and the course of therj 
thei'mometer, as also that of a thermometer in the water outside JjJ 
is noted'. I 

50. In many of the methods described in the prccedingl 
paragraph the heat which is produced in a specified chemical'B 
operation is used in raising the temperature of the chemicallyB 
reacting liquids. In other cases most, or all, of the heat ial 
used iu raising the temperature of a quantity of water. Before ■ 
the thermal values of the former class of reactions can be foundB 
it will evidently be necessary to make very careful measure-^ 
ments of the specific heats of the liquids employed, and of thosel 
produced in the reactions. I 

The specific heat of a body under any specified cou-fl 
ditions, is the number of gram-units of heat required underB 
these conditions to raise the temperature of 1 gram of tha^ 
substance through 1° C, the gram-unit of heat being defined ajfl 
the quantity of beat required to raise the temperature of ifl 
gram of water from 0° to 1° C. ■ 

Consider such a case aa the mutual action of caustic eoda^ 
and sulphuric acid in aqueous solution. Determinations must ' 
be made of the specific heats of aqueous solutions of various 
concentrations of (1) caustic soda, (2) sulphuric acid^ (3) sodium 
sulphate, (4) sodium-hydrogen sulphate; these determinationa ■ 
must be made for a moderate range of temperature, SucbH 

' For descriptions of other special forma of oalorimetrio apparatua, and foeS 
more details regardiDg thoae sketched in this paragraph, see Beithelot loe. eit.M 
1. 217—374; also Id. La Force des Maliires Explofives. 1. 227—231. ■ 
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determinations have been conducted by various observers ; 
more recently and accurately by Thomsen. The method adopted 
by Thomsen is to raise the temperature of each specified liquid 
by using a aourco of heat which has been thoroughly in- 
vestigated, and is thoroughly under control. A definite volume 
of pure hydrogen is burnt in oxygen in a chamber made of 
thin sheet copper, thickly gilded, placed in a calorimeter capable 
of containing lOOOe.a of water. About 900 c.c. of the saline 
solution to be examined ia placed in this calorimeter, and the 
rise of temperature is noted from time to time. As the quantity 
of heat produced by the burning of the hydrogen is known, the 
specific heat of the given solution can be calculated. Very 
great precautions are taken by Thomsen to have the hydrogen 
and oxygen pure, and to make sure that the flow of each gas 
proceeds at a iiniform rate during the experiment'. From a 
series of such determinations the value of the specific heat of 
each liquid is deduced for certain specified temperatures*. 

When the rise of temperature in the known mass of water, 
or in the known mass of saline or other solution in the calori- 
meter has been determined, the initial temperature of the 
water or other liquid being known, the thermal value of the 
given reaction is found by applying the ordinary formula 

r = ms (T - 1). 
where m = mass of liquid with specific heat s, T= final, and 
( = initial temperature. 

This formula must be amplified according to the circum- 
stances of the special experiments. The water-equivalent of the 
calorimeter (including the glass or other apparatus and the 
thermometer immersed in it) must be determined, i.e. the 
number of units of mass of water the temperature of which 
would be changed by the heat evolved in the reaction to the 
same extent as the given mass of calorimeter &c., must be 
determined. 

Let us suppose the heat of neutralisation of sulphuric acid 
by caustic soda is to be determined. Let dilute solutions of these 

' For a full deacription ol ThomBen's raetliods of procDdure see his UiiUr- 
ijtchungen 1. 2o— 36. 

' For details of tlio calculalion see Thomsen, /m.', cit. 1. 35, 
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two compounds be prepared containing equivalent ijuantities, 
in grams, of the alkali and the acid in knowu quantities of 
water; the total mass of each solution is therefore known. The 
temperature of each liquid having been determined, let the 
liquids be mixed and the rise of temperature noted. Let the 
water-equivalent of the calorimeter and thermometer be deter- 
mined.andalso let the specific heat of the liquid produced by mix- 
ing the two compounds (i.e. the specific heat of ai:[ueous sodium 
sulphatesolutionof a certain degree of concentration} he known, 
Then, putting the initial temperature of the soda solution 
whose mass is m, as equal to i, the initial temperature of the acid 
solution whose mass is m^, as equal to (,, we may say that the mean 

initial temperature of the two liquids is -■ ' (as t and t^ are 

almost identical). Further, let the final temperature of the 
mixed hquids = i|; let the mean specific heat of this liquid for 

the temperature-interval (, ^ be equal to s ; and let the 

water-equivalent of the calorimeter &.c. = c. The formula for 
finding the thermal value of the reaction is then 

-"»-».>'x('.-'-B-('.-'^')- 



Section II. Methods of stating the remdts of thermocheniical 
measurements. 
■i\. The notation adopted in thermal chemistry is simple. 
The chemical formula of the reacting substances are enclosed in 
a square bracket; a comma, or sometimes a colon, placed between 
two formulffi means that the quantities of the auhstances repre- 
sented by these formulaa react chemicatiy on each other. The 
.sign of equality is used to express the fact that the chemical 
change represented ia accompanied by the production or absorp- 
tion of a certain number of units of heat. The sign -|- is plaeed 
after the number expressing the quantity of heat if this quantity 
of heat is evolved, the sign — is placed in a .similar position if 
this quantity of heat is absorbed, during the chemical change. 

' Far Thomflen'fl development of tliis formula Bee Xuc. cit, 1. 20 — 21. See 
alao Berthelot he. cii. 1. 187—214. See nlBopnst part, 55, 60, 57. 
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If no sign is placed after the number expressing the quantities 
of heat, the + sign is to be underst-ooi The indices attached 
to the elementary symbols in chemical formulES may be written 
either above or below these symbols. Thomson alwaj*s writes 
them above, when he is dealing with thermochemical changes. 
His example is followed in this book. Thus [H', 0] = C8,.^60 +, 
means that when 2 grams of hydrogen combine with 16 grams 
of oxygen, at the ordinary pressure and under such conditions 
that the temperature of the surroundings does not vary from 
18° — 20°, with formation of 18 grama of water at the same 
temperature, a quantity of heat is evolved which suffices to 
raise the temperature of 68,360 grams of water at 18° — 20° C, 
through one degree centigrade. 

Again [NH', HCl] = 41,900 + means, that when 17 grams of 
ammonia gaa combine with 36'5 grams of hydrochloric acid 
gas, at the temperature of 18 — 20° and the ordinary pressure, 
with formation of 535 grams of ammonium chloride, a quantity 
of heat is evolved which if transferred to 41,900 grams of water 
at 18° — 20° would raise the temperature of that water through 
one degree centigrade. 

The symbol Aq is employed to represent a large quantity of 
water : the symbol H'O represents 18 grams of water. 

Thus [HCl, Aq] = 17,320 + means, that 17,320 gram-units 
of heat are produced when 36'5 grams of gaseous hydro- 
chloric acid are absorbed and dissolved, at the temperature of 
18° — 20° and the ordinary pressure, by a quantity of water so 
large that an increase in this quantity would not affect the 
thermal value of the reaction. Again [H, CI, Aq] = 39,300 + 
means, that 39,300 gram-units of heat are evolved when 1 gram 
of hydrogen combines with 35'5 grams of chlorine and the pro- 
duct dissolves in a large excess of water. 

Again compare these equations, 
(1) [SO", O, H'O] = 53,480 + t (2) [SO', 0, Aq] ^ 71,330 + . 

The first represents the number of gram-units of heat evolved 
when 64 grams of sulphur dioxide, 16 grams of oxygen, and 18 
grams of water combine to form 98 grams of hquid sulphuric 
acid at 18° — 20°; the second represents the number of grara- 
unitB of heat evolved when 64 grams of sulphur dioxide, 16 
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grams of oxygen, and 18 grams of water corobine to form 98 
grams of sulphuric a^id, and the product at the same time 
dissolves in a large excess of water. 

When a compound is separated into its constituent parts the 
equation representing the change is preceded by the minus sign. 
Thus - [H, C!] = - 22,000 means, that 36-5 grama of hydrochloric 
acid gas are decomposed, by some means, into 1 gram of hydro- 
gen and 355 grams of chlorine, and that this chemical change 
is accompanied by absorption of 22,000 gram-units of heat. 
Such a separation into parts is usually, but not always, accom- 
panied by absorption of heat. 

52. A chemical reaction between a compound and an element, 
or between two compounds, may be always regarded from the 
thermal point of view as consisting of two stages; (1) separation 
of the original compound, or compounds, into parts, (2) re-combi- 
nation of these parts to produce the new compounds. 

Thus, the change represented by the equation 
NH, + HCl = NH.Cl, 
if analysed from the thermal standpoint will be represented 

[NH^ HCl] =-[N, H'J - [H, CI] + [N, H", H, CI]. 
That is, the total thermal change consists in (1) the separation of 
17 grams of ammonia into 14 grams of nitrogen -|- 3 of hydrogen; 
(2) the separation of 36"-> grams of hydrochloric acid into 35"5 
of chlorine 4 1 of hydrogen ; and (3) the combination of these 
several quantities of nitrogen, hydrogen, and chlorine to produce 
53"5 grams of ammonium chloride. 

The reaction of iron on a dilute aqueous solution of copper 
sulphate is represented thug 

CuSO, Aq -f- Fe = FeSO, Aq -|- Cu. 
Thermally considered, this change would be written 

[CuSO' Aq, Fe] = - [Cu, 80* Aq] + [Fe, SO' Aq]. 

The formation of lead sulphide by the action of sulphuretted 
hydrogen on lead oside when set down in the ordinary chemical 
notation stands thus 

PbO-i-E..S = PbS + H50. 
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When this equation is expanded from the thermal point of 
view, it appears in this form 

[PbO, H^S] = - [Pb, 0] - [ff, S] + [Pb, S] + [ff , O]. 

53. Generally then, let r = the number of gram-units of 
heat evolved or absorbed during a definite chemical change; 
then we have these five cases*: — 

(1) A definite amount of a compound, X^ Yj Z^, is pro- 
duced by the combination of a grams of X, b grams of Y, and c 

grams of Z ; then 

r = [X«, Y^ Z^]. 

(2) The same quantity of the same compound is produced 
in presence of a large excess of water in which it is dissolved ; 
then 

r=[x^Y^z^Aq]. 

(3) The same quantity of the same compound is dissolved 
in a large excess of water ; then 

r = [X« Y* Z% Aq]. 

(4) The compound XY is decomposed by the element Z, 

with production of the new compound XZ and the element Y ; 

then 

r = [XY, Z] = [X, Z] - [X, Y]. 

(5) The compound XY is decomposed by the compound 

VZ with production of the two new compounoB XZ and VY ; 

then 

r = [XY. VZ] = [X, Z] + [V, Y] - [X, Y] - [V, Z]. 

54. The quantity of heat evolved or absorbed during a 
definite chemical reaction will vary with variations in the 
temperature at which the reaction occurs, in the state of 
aggregation of the constituents of the changing system, and in 
the volume occupied by these constituents, and with variations 
in the pressure to which the system is subjected during the 
change. 

Thomsen and Berthelot have independently investigated 
the influence of temperature-changes on the quantity of heat 
evolved or absorbed during a definite chemical reaction. 

55. Such a statement as [HCl Aq, NaOH Aq] = 13,500 -f , 
only holds good when the temperature both of the initial and 

^ Thomsen, Thermochem, Untersuch, 1. 6 et seq. 
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the final system is 18 — 20' C. If it is desired to fiud the 
value of the same reaction at some other temperature, it will 
be necessary to detcrmino the specific heats of the reactiDg 
substances, and the specific heat of the product of the reaction j 
since the specific heat of any substance varies as temperature 
varies. The variation in the case of water ia very small ; thus 
according to Regnaulfs investigations' the specific heat of 
water at any temperature, (, may be found by the formula 

spec, heat = 1 + -000,04 1 + -000,000,9 f. 
Many <]eterrainations have been made of the specific heats of 
aqueous solutions of acids, alkalis, and salts, and of various 
liquid compounds'. 

If two liquids, the masses of which are represented by A and 
5, chemically react to produce the liquid .d-B, and if the specific 
heat of A = a, of -B=/3, and of the product AB = y, then the 
calorimetric equivalents of the three liquids are 
A.a = (/„, B.^ = q,., AB.y = q^ 

If the chemical reaction proceeds at two temperatures, T 
and t, which are not far apart from each other, we may 
conclude, without introducing a sensible error, that the values 
of a, jS, and 7, and therefore the values of q„, jj, and y„ are 
independent of the temperature. 

Then, putting the heat evolved during the reaction when it 
proceeds at the higher temperature T as M-r, and the heat 
evolved during the same reaction when it proceeds at the lower 
temperature t as E„ it can be shewn from the second law of 
thermodynamics that 

and hence the variation in the value of li for each degree of 
temperature, tfi, can be found by the equation 



T-t 



- ?., + q>. ■ 



fThen, if the value of li at 0' ia i?„, the value of 7? at a 

' Mint, dt I'Acad. 91. 720 Kt teq. Far more details me Naamann'a TIiermo~ 
rhtmie, 2R0— 272 ; or Laudolt and Burnfltem'B Fliijiikatiiich-Chfmi'ehe Tahellen, 
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3 5(i, 57. 



temperature ( not far removed from 0" (i.e. the vaUie of Bi) can 
be found when ^ ia known ; for 

These formula are applicable only when the difference T — tis 
email, and when it may be assumed that the variations in the 
values of the specific heats of the various liquids are indepen- 
dent of the temperature, A genera! formula could be applied 
only when the relation betweea the specific heat and the 
temperature of each solution, and also the relation between the 
variation in the value of the calorimetric equivalent and the 
composition of each solution, were completely known'. 

56. If the chemical change, the thermal value of which i^ 
to be determined, ia accompanied by a change of the state of 
aggregation of some of the constituents of the system, then not 
only must the specific heats of the various constituents at 
different temperatures be known, but measurements must also 
be made of the quantities of heat absorbed or evolved in the 
changes from solid to liquid, and liquid to ga?, or vice versa, 
which occur. 

57. The following example illustrates the nature of the 
determinations and calculations required ', 

If 4 grams of hydrogen at 18°— 20° combine with 32 grams 
of oxygen at the same temperature, to produce 36 grama of 
liquid water at 18° — 20°, there are evolved 136,7-0 gram-units 
of heat. How much heat will be evolved if the same masses of 
hydrogen and oxygen combine at the temperature of 200°, and 
the product of the combination is maintained at this tem- 
perature, the pressure being constant ? 

Let U= the quantity of heat, measured in gram -units, which 
is required to raise the temperature of the initial system 
(2H,+ 0,grama) from 18" to 200°; and let 7 = the quantity of 
heat which is required to raise the temperature of the tinal 
system (SH^O grams) through the same temperature -interval. 
further let Q^ = the quantity of heat evolved when the 

' Snoh D formula can lie obtained; see Thomsen lor. cil. 1. 66. For a 
discuBsion of the oonnectiona between the apacific heatB, the nciniposition, and 
the volumes, of saline Boluliona eee Id. l<^r. eil. 1. fiO— 7B. 

' See Kaumann. Inr. ril. ai2-2la. 
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chemical reaction proceeds at 200®, and Qig = the quantity of 
heat evolved when the reaction proceeds at 18®. 

Then (2^ = Qi8+ tT-^V. 
To find U we have the following data. 

Specific heat of hydroffen = 3*409 ) , . . . v 

*^ ^ & , ^ f (at constant pressure) 

99 99 oxygen =0*2175) ^ "^ ' 

. -.(as 200-18 = 182), 4 xl82x3*409=quantity of heat requu^d to raise 

the temperature of the hydrogen 
in the initial system through the 
given temperature-interval, 

= 2,481 gram-units; 
and 32 X 182 X *21 75 =quantityofheat required to raise 

the temperature of the oxygen in 
the initial system through the 
given temperature -interval, 

= 1,266 gram-units ; 
.•. £r= 3,747 gram-units of heat. 

To find V we have the data. 

Specific heat of water = 1 ; heat of vaporisation of water = 536*5. 

Specific heat of water gas = '4805 (at constant pressure, for 
temperature-interval 128 - 217"). 

.'. (as 100-18=82), 36 x 82 x 1 = quantity of heat required to raise the 

temperature of the water produced in 
the reaction from 18*^ to 100"; 

= 2,952 gi'am-units ; 

and 36 x 536-5 = quantity of heat required to convert 

the water at 1 00" into s team at 1 00" ; 

= 19,314 gram-units ; 
and 36 X 100 X -4805 = quantity of heat required to raise the 

temperature of the steam from 100" 
to 200"; 

= 1,730 gram-units ; 

.*. r= 23,996 gram-units of heat. 

Hence Q^ = 136,720 ^ 3,747 - 23,996 = 116,471 gram-units 
of heat. 

When a salt is dissolved in water, or when aqueous solutions 

4—2 
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of two Baits are mixed, very considerable coDtractioo frequently 
occurs. This is attended with production of heat ; hence the 
thermal values of naany chemical changes occurring between 
bodies in solution vary with variations in the volumes of the 
reacting solutions'. Contraction of volume also generally occurs 
when gaseous elements or compounds combine to form gaseous 
products ; in such cases heat is produced, and the quantity of 
this heat must be ascertained and taken into account in 
calculating the thermal value of the chemical reaction*. 



Section III. Heats of combustion, and of formation, of 
compounds. 

58, The heat of combustion of an element or compound is 
the quantity of heat produced during the complete oxidation of 
that element or compound to form those masses of the products 
of oxidation which are represented by the chemical formulae of 
these products'. 

The heat of formation of a compound is the quantity of heat 
evolved, or absorbed, during the formation of the mass of the 
compound represented by its formula, from those masses of the 
constituents of the compound which are represented by the 
formulee of these constituents. 

When a compound can be oxidised, then the heat of 
formation of that compound is the difference between the sum 
of the heats of combustion of its constituents and the heat of 
combustion of the compound itself. The constituents may be 
tlio elements by the putting together of which the compound is 
|iroduccd, or they may be groups of elements which combine to 
fiwni the compound in question. Thus 98 grams of sulphuric 
tiV\\\ may be formed by burning 32 grams of sulphur in oxygen 
iw tUo presence of nitrogen trioxide and of 1 8 grams of water, or 
*W BAUie mass of the same acid may be formed by passing 
*t^i gmmB of sulphur dioxide, mixed with an excess of oxygen, 
^ VW« cubJMt vill ba coDBidered in more deUil in a future chapter. See 

t'flw ttWMMl '«. oil- a- 101—103. 

'^h«(ct«d*ii<^ with this deSnition, the heat of eamlustion of hydrogen ia 

p (if h«l produced in the reaction H, + 0=H,0. and not the quantity 

fcH; ItltrHAC 1 gram of hjdrnKen. 
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airer hot spong; platinam, and disaolving tbe 80 grams of 
salphui trioxide thus prodaced in 18 grams of water. The 
fonner reaction would be represented in chemical sj-mboU thus, 

S + O, + (supplied hy nitrogen oxide) + H,0 = H^O, ; 
the latter thus, 

SO, + + H,0=H^SO.. 
In the notation of thermal chemifitry the two reactions 
-would be written thus, 

(1) [S, O*, O, H'O]; (2) [SO*, 0, H'O]. 
The heat of formation of sulphuric acid would be represented 
hy B different number according as the formation was accom- 
plished from the elements sulphur and oxygen and the compound 
water, or from the element oxygen and the compounds sulphur 
dioxide and water. If however the formation of the acid is 
accomplished from the elements hydrogen, oxygen, and sulphur, 
the value of the ' heat of formation ' is the same whether these 
elements directly combine to produce the acid, or whether oxides 
of sulphur and of hydrogen are firet produced and then mutually 
react to form the acid. 

59. The deduction from the principle of the conservation 
of energy, of which the statement just made regarding the heat 
of formation of sulphuric acid is a special example, underlies aH 
the calculations of thermal chemistrr. The deduction in 
question is to the eflfect that the change of energy which 
accompanies the passage of a system from one definite state 
to another is independent of the intermediate states through 
which the system may pasa (See ante, par. 16.) 

CO. We shall now give some illustrations of the methods 
by which the heats of formation of compounds are determined. 

It must be remembered that by the heat of formation of a 
compound is meant the heat of formation of that mass of the 
compound which is expressed by the chemical formula of the 
compound. Except in a few cases, which will be specially 
mentioned, we shall use the formula of an element or compound 
as representing a certain number of grams of the body. 

I. Required the heat of formation of methane, CH,, from 
carbon and liydr<^en. 
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Data: 
<1) 



lieat of couibustion of carbon [C, 0'] = 96,960,} 



{heatofcombustionof hydrogeii)x2i&3[H',O]=136,720J~" ' 

(2) heat of combustion of metbaae [CH', O'] = 211,930.' 

Difference^ 21,750. 

Therefore theheat of formation of CHj=21,750 gram-units + . 

In obtaining data (1) and (2) the final configumtion of the 

chemical system is the same. Thus the reactions represented 

as [C, O'j and 2 [R', 0] when written in the ordinary notation 

are 

+ 0, = CO, ; 2H, + 0, = 2H,0. 

And the reaction [CH*, 0'] in the ordinary notation ia 
CH^ + 0, = C0, + 2Hp. 

In one case we start with the system C + H^ + 0^, and we 
finish with the system CO, + 2HjO ; in the other case we start 
with the system CH^ + O^, which we may suppose to have been 
produced from the system C + H^ + O^, and wo finish with the 
system CO, + 2H,0. Therefore the difference between the 
energy- change 3 accompanying the two chemical changes repre- 
sents the energy-change attending the formation of the system 
CH. + O. from the system C + H. -|- 0, ; but as 0. occurs in 
both systems, we say that the energy-change in question is that 
which accompanies the formation of the system CH, from the 
system C-l-H,. 

At present we shall not say that the change C -|- H, = CH, 
represents the formation of one molecule of gaseous methane 
irom one atom of carbon and two molecules of hydrogen, but 
only that it represents the formation of 16 grams of gaseous 
methane from 12 grama of solid carbon and 4 grams of gaseous 
hydrogen. We shall also treat the thermal value of this 
change, viz. 21,750 gram-units, as representing the complete 
change, and shall not attempt, at present, to separate it into 
parts, e.g. the part due to change of solid to gaseous carbon, 
the part due to rise of temperature or change of volume &c. 
Our present object is only to illustrate the methods which are 
employed in finding heats of formation, and to give this 
expression a meaning, which, although it may not be sufficiently 
wide, ia certainly definite. 
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JI. Required the heat of fonnation of formic acid, CH^O^, 
arbon, hydrogen, and oxygen. 

It of cumbuation of carbon, [C, C] = 9(3,960,1 Bum 

hyJrogeu, [H', 0] = C8,360, U 165,320. 
oxygen, = 0,) 

„ formic acid, [CHW, O] = 65,900. 

Difference = 1}9,420. 
ifore the litat of formation of CH,0.^ = 99,420 gram- 



Required the heat of formation of the oxides, N^O and 
KO, from their elementa. 

As the element nitrogen cannot be directly burnt in oxygen 
it is necessary to adopt an indirect method for finding the heata 
of formation required. Comparing the two reactions, 

(1) C + 2Np = 2N, + CO,, 
and (2) C + 2N, + O, = CO, + 2N„ 

we see that the final systems attained are the same in each case, 
but in reaction (1) the oxygen needed for burning the carbon 
has to be separated from its combination with nitrogen, while 
in reaction (2) no such separation of oxygen from a compound 
is needed. If the two reactions are expanded thermally' they 
appear thus, 

(1)[C, 2N'0] = [C, 0']-2[N', 0]; (2) [0, 2X', O'] = [C, 0=]. 

Hence the difference between the observed valnea of these 
two reactions will represent the value of the reaction — 2[N', 0]. 

The data are : 

(1) [C, 2N'0] = [C, 0=] - 3[N', 0] = 133,900, 

(2) [0, 2N', O'] = [C, 0'] = 96,960. 
Di9'ei'ence= 36,940. 

But this difference represents the thermal value of the 
separation of 2NjO into its elements, therefore the formation of 
2N,0 from its elements is represented by the negative value 
— 36,040; and therefore we conclude that the heat of formation 
of NjO from its elements = - 18,470 gram-units. The heat of 
formation of the oxide NO is determined in a similar manner. 
' See aiilr, par. fil. 
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The data are : 

CN + 2Jf = CO, + 3K, when expanded thermally hecomea 

[CN, 2N0] = [C, O'] - [C, N] - 2[N, O] = 174,600. 

CN + 0, = CO, + N, when expanded thermally becoinea 

[CN, 0']-[C, 0=]-[C,N] = 130,900. 

Difference = 43,700. 
But tlie difference represents the thermal value of the 
transaction 2S0 =^ N, + 0„ therefore [N", 0"] = - 43,700 ; and 
therefore the heat of formation of NO from its elements 
= — 21,850 gram-units. 

IV. Required the heat of formation of oxalic aeid, H, C, 0^, 
from ita elements. An aqueous sohition of oxalic acid is easily 
oxidised, to water and carbon dioxide, by the action of an 
aqueous solution of hj'pochloroua acid. The reaetion is formu- 
lated thus 

H^C,0,Aq + HCIO Aq = H^ Aq + 2 CO, + HCl Aq. 
When expanded thermally this becomes 

[H'C'O'Aq, HCIO Aq] = [H,C1, Aq]-[H,C],0, Aq] + [H'C'0*Aq,O]. 
The thermal value of this reaction is 71,380 gram-units. 
But the value of the difference 

[H, CI, Aq] - [H, CI, O, Aq] is 9,380 gram-imits ; 
.-. [H'C'O' Aq, 0] - 71,380 - 9,380 = 62,000. 
That is to say, the heat of combustion of oxaUc aeid in 
aqueous solution = 62,000 gram-units. 
But 

2[C, 0"] = 193,930, and [H', O] = G8,360 ; sum = 262,280 ; 
.-. [H', C, 0', Aq] ^ 262,280 - 62,000 = 200,280 giam-unita. 
But this last result represents the heat of formation of oxalic 
aeid in aqueous solution. To find the heat of formation of the 
solid acid H,C,0,, the heat-change which occurs when this 
amount of the acid is dissolved in a large excess of water must 
be determined. The value in question is 

[H"C'0*, Aq] = -2,23G; 
.-. [H', C, 0'] = 200,280 - ( - 2,256) = 202,536 grain-unita. 

V, Required the heat of formation of sulphuric acid, H,SOj, 
Jrom its elements. 
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We have here a compound which ia already fully oxidised ; 
therefore the heat of combustion of sulphuric acid = 0, But an 
aqueous solution of sulphur dioxide can be oxidised to sul- 
phuric acid. Let us therefore find the heat of formation of an 
aqueous solution of SO,. 

»■ The data are -. 
[S, O'] = 71,080; [SO", Aq] = 7,699; 
.-. [S, 0', Aq] = 78,780. 
But this aqueous solution of SO^ can be easily oxidised to 
an aqueous solution of SO, by the action of chlorine ; the 
reaction ia 

SO,Aq + H,0 + CI, = SO„Aq + 2HCL I 

When thermally expanded this reaction becomes I 

[SO'Aq, H'O, CI'] = [80'Aq, 0] + 3 [H, 01, Aq] - [H', O]. 
The thermal value of this change ia 73,907. 
But 

2[H, CI, Aq] = 78,630, and [H", O] = G8,360; difference= 10,270. 
.-. [SO'Aq, 0] = 73,907 - 10,270 = 63,637. 
We have now obtained the thermal values of these two 
reactions ; — ■ 

(!) S + 0, + Aq = SO, Aq, and (2) SO, Aq + = SO, Aq. 
But it is evident that the sum of these represents the thermal 
value of the reaction 8+0^ + Aq = SO^Aq. 
That is, in thermal notation, 

[8, 0', Aq] + [SO'Aq, O] = [S, O', Aq]. 
the value of this reaction is 78,780 + 63,637 = 142,417. 
But this number represents the quantity of heat evolved 
in the production of a very dilute aqueous solution of sulphuric 
acid. We must now find how much heat ia produced by the 
formation of (1 ) SO,, from its elements ; and (2) H^SO,, by the 
action of H,0 on SO,. 
The data are : 

(1) [S0°, Aq] = 39,170; (this is Tliomaen'a number for liquid 
SO,). 

Then, as [S, 0', Aq] - [SO', Aq] = [S, 0'], it follows from the 
values already given that 

[S, 0'] ^103,3-17 (the SO^ pvodi\oe<\ bwiv^ Uquwl^, 
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(2) When SO^ dissolves in water a solution of H^SO^ is obtained ; 
therefore the reaction SO, + Aq = Hj SO, Aq, ia more properly 
written SOj + H,0 + Aq = lIjSO, Aq. But we have already obtained 
the thermal ^-alue of tliis reaction, viz. 39,170 [see (1)]. Moreover 
the thermal value of the action which occnra when H^SO, dissolvea 
in water has been determined to be 17,850. 

We have now these data : 

[W, H°0, Aq]-39,I70; [H'SO*, Aq] = 17,850; 
.-. [SO", H=O] = 39,170-J7,850=21,330. 

Finally, to find the thermal value of the reaction 
H,+ S + 0. = H.SO.. 
it is only necessary to add together the values we have deduced 
for the various parts of this reaction. 

These are 

[3,0^=103,247; [H', 0] = 68,360; [SO', H'O]- 21,320; 
.-. [H',S,0']= 192.927 gram-units. 

VI. Required the heat of formation of hydrobroniic acid, 
HBr, from its elements (gaseous hydrogen and liquid bromine). 

The heat developed in the reaction H + Br = HBr cannot 
be determined by direct measurement, but it may be calculated 
in the following manner. 

An aqueous solution of potassium bromide ia partly decom- 
posed by gaseous chlorine ; the heat evolved ia measured ; and 
the quautities of potassium chloride, potassium bromide, and 
bromine present in solution at the close of the reaction are 
determined. Data are thus obtained for finding the thermal 
value of the reaction' KBr Aq + C1 = KC1 Aq+Br. 

Thomaen's result was [KBr Aq, CI] = 11,478. 

But thia reaction is compoaed of two parts : it may be written 
thus, 

[KBr Aq, C1] = [K, CI, Aq]- [K, BrAq]. 

The bromine reacts aa a solution of bromine in water 
throughout the changes to he considered. 

Now let us analyse the two reactions expressed in the 
thermal formulae [K, CI, Aq] and [K, Br Aq], 

An aqueous solution of potassium chloride is produced by 
' Far detailn see ThomBen, lac. cil, 2. 21. 



SECT. HL § 60.] HEAT^ OF TOEMATIOX. 59 

neutralising an aqueous solution of hydrochloric acid by an 
aqueous solution of caustic potash ; thus, 

KOHAq + HCl Aq = KClAq + H.OAq. 
When this reaction is regarded from the thermal point of 
view it may be thus expressed, 
[KOHAq, HCIAq] = [K, CI, Aq] + [H*, 0, Aq] - [K, O, H, Aq] 

- [H, CI, Aq] ; 
.-. [K, CI, Aq] = [KOH Aq, HQ Afj] + [K, O, H, Aq] + [H, CI, Aq] 

- [H', O, Aq]. 
Similarly the prodaction of an aqueous solution of potassium 
bromide may be thus expressed, 
[KOH Aq, HBr Aq] = [K, Br Aq] + [H', 0, Aq] - [K, 0, H, Aq] 

- [H, Br Aq] ; 
.-. [K, Br Aq] = [KOH Aq, HBr Aq] + [K, O, H, Aq] + [H, Br Aq] 

- [H', O, Aq], 
Prom this it follows that 

[K, CI, Aq] - [K, Br Aq] = [KOH Aq, HCIAq] - [KOH Aq, HBr Aq] 
+ [H, CI, Aq]-[H, Br Aq]. 
The thermal value of this change, as we have seen, is 11,478 
gram-units. But Thomsen has also determined the values of 
three out of the four parts of which tlie total change consists; 
his results are represented thus, 

[H, CI, Aq] = 39,315; [KOH Aq, HCl Aq]= 13,740; [KOH Aq, 
HBr Aq]- 13,740. 
Therefore it follows that 

[H, Br Aq] = 39,315 + 13,740 - 13,740 - 1 1,478, 
= 27,837 gram-units. 
Moreover the heat of solution of bromine in water has been 
determined ; — 

I [Br, Aq] = 539. 

But 
[H, Br, Aq] = [Br, Aq] + [H, Br Aq], 
= 539 + 27,S37, 
= 3e,376. 
It only remains now to find the heat of solution in water of 
hydrobromic acid : — 

[HBr, Aq] = 19,936. 
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But [H, Br] = [H, Br, Aq] - [HBr, Aq], 
= 28,376 - 19,936, 



That is, the heat of formation of gaseous HBr from its 
elementa = 8,440 gram-miita. 

61. The examples given in the preceding paragraph suffice 
to illustrate the methods whereby the thermal value of a definite 
chemical change is calculated when the value cannot itself be 
directly determined. The undorlyiog principle ia always one, 
viz. the total change of energy accompanying the change of a 
chemical system from one definite state to another is indepen- 
dent of the intermediate states through which the system may 
pass. Assuming that the total energy-change is represented 
by the quantity of heat evolved or absorbed, it follows that the 
total thermal change during a chemical operation is dependent 
only on the initial and final states of the chemical system. 

In applying this principle we have sometimes started with a 
system in a certain configuration (call this A); we have measured 
the thermal change accompanying the passage to another 
configuration (call this C) ; wo have then started with the same 
elementary constil^uents but differently arranged (call this con- 
figuration B), and measured the thermal change accompanying 
the passage to the same final configuration (C) as before. We 
have then concluded that the difference between these two 
thermal changes represents the thermal value of the change of 
the system from configuration A to configuration B. 

In other cases we have had to deal with a chemical reaction 
which could be resolved into parts, the thermal values of some 
of which, but not of all, could be directly determined. In such 
cases we have measured the thermal value of the total change, 
and by deducting from this the thermal value of a particular 
part, or the sum of the values of particular parts, determined by 
separate experiments, we have been able to find the thermal 
value of that part of the total change which could not be found 
by direct experiment. 

In separating a chemical operation into parts each of which 
is to be examined thermally, it is important that these partial 
changes should be as simple as possible. It is also important 
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that they should not involve any marked physical changes, 
otherwise the thermal value of a partial change may itself be the 
sum of so many reactions that no trustworthy conclusions can 
be drawn regarding the quantity of heat produced or absorbed 
during the primary chemical reaction which we wish to study. 

For data regarding heats of combustion and formation of com- 
pounds see Appendix i. 



CHAPTER in. 



APPLICATIONS OF THEItMAL METHODS TO THE STUDY OF 
CHEMICAL PHENOMENA, 



Section I. AUoiropy and Isomerism. 

62. If chemical composition is one of the variables on which 
the state of a specified material system depends, and if the 
energy of the given system is conditioned by the state of that 
system (see ante. Chap. L par. 10), then there must be definite 
quantitative connections between changes of energy and those 
changes of chemical composition which are connoted by the 
terms allotropy and isomensm. 

63. Two distinct forms of the element phosphorus are 
known. In other words, two kinds of matter are known, each 
characterised by its own properties (e.g. melting point, crystalline 
form, solubility in a given liquid &c.) and yet each wholly 
transformable into the other without loss or gain of mass, and 
each yielding the same maaa of the same new kind of matter 
under similar conditions (e.g. 1 gram of either phosphorus 
when Lurut produces 2 29 grams of phosphorus pentoxide). 
Phosphorus, sulphur, carbon, silicon, boron, oxygen and some 
other elements exist in more than one form ; they exhibit the 
phenomenon of allotropy. The change of yellow into red 
phosphorus, that of oxygen into ozone, that of prismatic into 
octahedral sulphur, &c. are allotropic changes, 

64. Many compounds, especially carbon compounds, are 
known all having the same percentage composition and the 
same density in the gaseous state, and yet each differing more 
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or less from the others both in chemical and physical properties. 
Thus the composition and the density as gases of ethylic alcohol 
and methylic oxide are expressed by the formula C,H,0 ; bat 
these compounds difier considerably in their properties. There 
are three dibromobenzenes, C,H,Br^ each characterised by a 
definite boiling-point &c., and by its behaviour towards such 
reagents as canstic potash or nitric aciJ. Alcohol and methylic 
oxide on the one hand, and the three dibromobenzenes oa tfae 
other hand are said to exhibit isomerisni : the change from 
alcohol to methylic oxide, or from one dibromobenzeoe to 
another, is called an isomeric change'. 

65. The phenomena of allotropyand isomerism are inchided 
in the conception of chemical composition. The molecular 
theory asserts that the properties of any specified kind of matter 
are the properties of the molecules of which that matter is built 
up ; and that the properties of these molecules are conditioned 
by the nature, number, and relative arrangement of the parts of 
the molecules, that is, of the atoms which compose the 
molecules. Experiment has shewn that the molecule of oxygen 
is diatomic while that of ozone is triatomie. In this case we 
have certain properties associated with the existence of mole- 
cules each composed of two atoms of the same kind, viz. 
oxygen, and we have other properties a;^ociated with the 
existence of molecules each composed of three atoms of the 
same kind of matter, which kind of matter is again oxygen. It 
is possible that each kind of phosphonis, or sulphur, or carbon &c. 
has a different molecular weight from each other kind, but we 
have as yet no direct experimental evidence in support of this 
■view. The whole of the modem so-called constitutional or 
structural forniul;^ are based on tfae assumption that the 
properties of a molecule are conditioned not only by the nature 
and number, but also by the relative arrangement of the 
atoms in that molecule. We attempt, in a crude way, to 
represent such relative arrangements in our formutse, making 
use of certain subsidiary assumptions and conventions. Thus 
we write the formula of alcohol as C,Hj . OH, and that of 
methylic oxide as H,C . . CH, and we assume (among other 
> The Btadeot Ehoald c&TeCall.y stuci.r thc^ pbeaameoa ot allotrop.v and 
isomerism from the chcniical point of vIpw. 
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things) that in the former molecule there is direct mutual 
action between one of the carbon atoms and the oxygen atom, 
whereas in the second molecule there is direct mutual action 
between the oxygen atom and each of the atoms of carbon. 

66. The known thermal data regarding allotropic changes 
are not very numerous : the following numbers shew that there 
is a definite quimtitative connection between these changes and 
the running down of energy to the fonn of heat. 

[P'j O"] = 369,100 gram-Tiiiits, where P, is 62 grama of ordinary 
pliosphorus (Pa) ; 

[P', CJ^SaSjSOO gram-unita, where P^ is 62 grams of amoqihous 
phoKphonts (Pg). 

Hence the change of 31 grama of ordinary phosphorus into thn 
same mass of amorphous phosphorus is attended with the evolution 
of 21,150 units of heat. 

[20z - 30"] ^ 59,200. That ia, the change of 96 grama of ozone 
into 9C grams of oxygen ia attended with the evolution of 59,200 
unil^ of heat 

67- A considerable mass of data regarding the thermal 
values of isomeric changes has been accumulated. The following 
numbers serve to illustrate the connection between thia claes 
of chemical reactions and the running down of energy'. 

Heals qfcomlusCion of isomeric comjiownds. 

I. Benzene = 788,000. II. DipropargyU 883,S00. 

I. Acetone = 424,000. II. Propaldehydc = 426,000. 

III. AllyUlcohol = 443,000. 

I. Ethylic formate = 390,000. TI. Mrthylic acetitte= 395,000. 

I. Acetic acid = 210,000. II. Jlethylic formate - 252,000. 

C.H,0. 
I. Ethylic alcohol = 330,000. TI. Methylic oxide = 344,000. 
' For further dnta, see Appendix II. 
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C,H.(OH)CO,H. 

cacid = 752,00O. It Meta-acid = 754,000. 
ni. Ortho-acid = 759,000. 

68. The data on this subject are not sufficient to warrant 
any btit the broadest generalisations. It is probable that the 
differences between the energies of isomeric molecules largely 
depend on these three conditions : — 

(1) Whether each atom in the molecule acts on, and ia 
acted on by, the maximum number of other atoms ; in other 
words whether eafih atom exhibits its maximum valency in the 
given molecule. 

(2) On the nature of the atoms between which direct 
mutual action occurs within the molecule. 

(3) On the symmetry of the structure of the molecules. 

If the structural formulaj of the compounds in the foregoing 
table are compared it will be seen : (i) that dipropargyl, which 
ia a compound belonging to the paraffinoid group of carbon 
compounds, contains more energy than the isomeric molecule 
benzene, which belongs to the benzenoid group of carbon 
compounds ; (ii) that of the three isomeric hydroxybenzoic acids, 
all of which are benzenoid compounds, the para- com pound, which 
is the most symmetrical, contains the least, and the ortho-com- 
pound the most energy ; and (iii) that of two or more isomeric 
paraffinoid molecules, that containing the greatest number of 
tetravalent carbon atoms contains the smallest quantity of 
energy, provided the distribution of the atomic interactions 
is the same, or nearly the same, in the molecules. But these 
three conclusions are only special cases coming under the broad 
generalisations already stated. 

C9. There ia a great difficulty attending the chemical 
interpretation of such thermal data as we are now considering. 
When we make such statements as the three generalisations in 
par. 68 we use language which may have a precise meaning, but 
which is not unfrequently employed without any meaning 
at all. Now unless the language in which we express the 
chemical aspect of the twofold change (change of energy and 
change of material configuration) means something, the supposed ' 



APPLICATIONS OF THERM,U. METHODS. [CHAP. lU, § 7ft( 



■^ 



explaoation is no explanation, tut is only a form of wordi 

'full of sound. ..signifying nothing,' Such expressions as 'tetrai! 
valent atoms,' ' distribution of atomic interactions,' ' para-, ortho-^ 
meta-coraponnds,' 'parafEnoid and benzenoid compounds,' 'sym-j 
metrical and unsymmetrical molecules,' must be used as sum-^' 
marising facts in the language of a special theory ; they must' 
call up in the mind of the student more or less clear-cut] 
mental images, else they have no scientific value, or rathefi 
their value is a negative qiiantity. But to explain these term^ 
would be out of place here. I am assuming in the readar^ 
of this book some knowledge of chemical principles. It is of thft^ 
utmost importance that before going further he should have-; 
clear conceptions regarding the methods of obtaining structural' 
formulse, and the facts which these formula summarise and' 
suggest. In what follows I shall assume the existence of sucbj 
conceptions. I shall employ structural formulie, where necessary^ 
and shall use such expressions as ' monovalent ' or ' polyvalent| 
atoms,' ' maximum valency of an atom in a specified molecule,*! 
' distribution of atomic interactions,' and the like, in the senseJ 
and with the meaning, given to these formulte and these! 
expressions by Lossen'. 

70. Now I think it is evident that could we connect; 
definite changes of energy with definite isomeric changes WB' 
should have, done a good deal towards measuring one class 
of relations between composition and properties. We must, i^ 
is true, express the changes of configuration which we study isj 
isomerism in terms of a special theory of the structure om 
matter, and the terms employed are not so expressive as at fi«ffl 
sight they seem to be. But great advances in the study oQ 
chemical composition have been made by applying the molecula*^ 
theory to the phenomena of isomerism. If only we can keep^ 
witbin the definitions of the theory, and if, when a difficult^ 
occurs, we can refrain from introducing a new hypothesis withow 
acknowledging it to ourselves or to others, then, I think, tha 
thermal study of isomeric changes raiist advance the science Ql 
chemistry, even if that science is forced to content itself witfi 

' Lossen's tibvb are stated and discussed in detail in mj i^ 
Chemistry, Book I. Chap. ii. 
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SQch partial cooceplions of the meohaDtsm of tbese changes as it 
now possesses. We have plenty of data regarding isomerism 
firom the purely chemical standpoint ; what we now require ia I 
measurements of the energy-changes which accompany these 
material changes. We do not, I think, want to add indefinitely 
to the list of compounds to each of which a constitutional 
formula is given ; we rather want to know more about the 
compounds already prepared. We want to classify these com- 
pounds, so that we may see connections hetween transformations 
of energy and transformations of matter, because by doing this 
we hope to rise from empirical statements to general principles, 

71. The only serious attempt which has yet been made to j 
trace definite connections between changes of molecular structure 
and changes of energy has not, it appears to me, been very suc- 
cessful. But I believe the failure is to be traced to the dominating I 
influence of certain idols of the market place. The tyranny of 1 
phrases has here, as so often before, led the investigator captive. 

72. Thomsen' has endeavoured to measure what he calls the 
'dynamic value of each of the bonds of carbon.' 

It is almost impossible to attach any precise meaning to 
the expression ' a bond,' as this is used in the various text books, 
and by different chemists. 

The atom of hydrogen is monovalent, that is, an atom- 
of hydrogen, so far as we know, never directly acts on and 
ia acted on by more than a single other atom in a molecule. 
The atom of oxygen is divalent, that is, an atom of oxygen 
can directly act on and be acted on by two other atoms in a 
molecule : but in some molecules, e.g. in the molecule CO, 
there are only two atoms, one of which is oxygen, 

The theory of bonds uses a language of its own to express the 
foregoing statements. It speaks of the hydrogen atom as having 
one bond, and the atom of oxygen as having two bonds : when 
two atoms of hydrogen combine with one of oxygen to form a 
molecule of water-gas, the theory says that each bond of the 
oxygen- atom is satisfied by the bond of a hydrogen atom; 
when the molecule CO is formed, it says that both oxygon 
inds are satisfied by two bonds of the carbon atom. But the 

r, 13. 1S21 ; and Journal fUrpmht. Chfm. (2) 33. 157 and 16.1. 



atom of GSBfiGiL B teasvaLsnL Whait tbest IieoQmes of the two 

aati^ one anot&or. s.y?f c&e iMmdHJiefHT ; ct' t&^ lunam fiee 
aad imaatiatTftdy sr some fffapmiwa who «l the whole sopped 
the theonr cf bonds. 

73. Con^der cheae fixzr iXMiMTtfong : — 

Each Ofpeiatioa lepics^Lta the formatron. of a hydrocarbon 
molecale (or molccoks). The bond-thetxj leprcsents these 
trangactJons m dkis war, 

(1) C=C+4rH— H)« ^C^ + ^C ; (21 C=C+3,H— H)=H— C— C-] 

H H 

(3) C=C+2(H~H)= X'=C'^ ; (4) C^C+H— H=H— C=C— H; 

Each reaction consists (by the theorr) of Taiions parts : — 
(a) Separation of the diatomic nnJecoIe C = C into the 

atoms -C- + -C~ ; 

(fi) Separation of two or more diatomic molecules H— H 
into the atoms H -, H — ; 

(7) (Tombination of these atoms to form the new molecules 

H 



H— C— C— H, C=C , OP H— C=C— H. 



H-C— H, 



Now (a) and (yS) occur in all the reactions under con- 
sideration, but (7) varies in each of these reactions. In the 
formation of the molecule CH^ we have, says the bond-theory, a 
combination of one atom of carbon with four atoms of hydrogen 
to form a molecule wherein each carbon bond is satisfied by 
a hydrogen bond ; but in the three other reactions we have 
molecules produced wherein one carbon bond is satisfied by 
another carbon bond (C,H^, or two carbon bonds are satisfied 
by two carbon bonds (CgH^), or lastly three carbon bonds are 
satisfied by three carbon bonds (C,Hj). Hence if the total 
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thermal value of each reaction can be determineJ, and if the I 
thermal values of the parts we have called (7) and (ff) can be 
determined, we shall have data for calculating the ttiennal I 
■value of the part we have called (7). 

To determine the total thermal value of each of the four J 
reactions is to determine the heat of formation of CH^, C^H^ ' 
C,H^ and C,H, respectively. We have akeady learned the 
principle by which this can be done'. 

In order that atoms of carbon, represented by the bond- ' 

theory as -C-, -C- &a, should be produced from solid carbon, the 

carbon must be gasified ; that is, heat must be added until a mass 
ofmo!eculesC = Ci3obtained,and then more heat must be added 

until these molecules are separated into atoms — C-, -G- &c 

Now consider the two reactions C-(-0 = CO, and C + 0, 
= CO^ Starting with solid carbon, the first of these reactions 
maybe represented thermally as consisting of two parts; (1) 
absorption of heat in order to gasify one atom of carbon, and 
(2) evolution of heat by the combination of this atom with an 
atom of oxygen. Similarly the second reaction may be regarded 
from a thermal point of view as consisting of two parts; (1) 
absorption of heat in order to gasify one atom of carbon, and (2) 
evolution of heat by combination of this atom with two atoms 
of oxygen. Let the thermal value of (1) be represented by 
— d, and that of (2), when CO is produced, by k. Let ua now 
set down the actual thermal values experimentally determined; 
we have 

[C,0] = 2d,2QO = -d + k 

[C, 0-] = 96,9t>0 = -d + 2h I 

assuming, that is to say, that the thermal value of the addition ' 

of each oxygen atom to a gaseous carbon atom to form the 

molecule CO, is the same'. I 

»From these equations it follows that 
h = 67,070 
d = 38,380. 
■ See ante. Chap. i. para. 58-60. 

* rhomeen deduces exparimental evidence in favoui ot ^\d& essoxti'^ikti.-, «a 

bis Untirmchungtn, 2. 106 — 10!). See aW M«ale\eidL, Be(. 16. \S5&\ 

^^A Journal Abatraata for 1S82, 016. ' . - ' 
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Now if we use the symbol r to represent the thermal value 
of the combination of an atom of hydrogen with an atom of 
gaseous carbon, and if we assume that this value is always 
constant in all hydrocarbons whether the atom of carbon has or 
has not already combined with hydrogen atoms, we get, according 
to Thomsen, the following equations, expressing the heats of 
formation (for constant volume) of various hydrocarbons 

(1) [C, H^= 2l,no=-d+ir 

(2) [C, H"]= 27,iOQ = -2d+Gr + v, 

(3) [0', H'] = - 3,390 = - 2rf+4r + o, 

(4) [C',HT = - 48,170 — 2d+^r + v,. 
The symbol u, here represents the thermal value of the 

' single linking ' of two gaseous carbon atoms, or the combination 
of these two atoms by one bond of each; u, represents the 
thennal value of the combination of a pair of gaseous carbon 
atoms by two bonds, and r, the combination of a pair of gaseous 
carbon atoms by three bonds. 

Now let ua see how Thomsen proposes to find the values of 
r and v^ &c. 

The following numbers are obtained from experimental 
results : — 

(a) C.H, + H, =2CH.= 14,940 thermal unitB. 

(6) C,H,+ 2H, = 2CH, = 45,630 „ 

(c) C,H, + 3H,-2CH^= 90,510 „ 

In (a) we have (i> separation of the ' single linkinj 
carbon atoms in the molecule C^H^, and {ii' 
atoms of hydrogen with the residues CU,; 

hence, 2r - ti, = 14,940. (1) 
In (by we have (i) separation of the ' double linking ' of two 
carbon atoms in the molecule C^i, and (ii) combination of four 
atoms of hydrogen with the residues CH,; 

hence, 4r - v, = 45,630. (2) 
In (c) we have (i) separation of the 'treble linking' of two 
carbon atoms in the molecule C,Hj, and (ii) combination of six 
atoms of hydrogen with the residues CH ; 

hence, Gr-v^= 90,.510. (3) 
From e(]natJons (1) (2) and (3) ?• may be eliminated, and 
I the following relations may be found:— 



of two 
) combination of two 
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»2v^-v, = -lo.7o0\ I 

3ip,-)', = 45,690| ^' I 

Then turning back to the four equations already given on 1 
p. 70 as representing the heats of formation of CH,, C,Hp C^„ 
and C,H„ we can determine the value of r from equation (1), 
and the values of v„ «„ and v, from equations (2) (3) and (4). ' 
The values thus obtained are these : — 

r = 14,8S7; ti, = 14,835; i', = 13,920; i;, = - 1,185. 
The following are the general conclusions which Thomsen 
draws from this investigation'. 

(1) Much heat ia absorlwd in the process of changing solid into 
gaseous carbon, viz. 38,380 gram-units for each atom of carbon. 

(2) When one atom of hydrogen combines with one atom of 
gaseous carbon 14,830 gi-am-unita of beat are evolved. , 

(3) Tbe combination of two gaseous carbon atoms is attended with 
the evolution of much heat, provided these atoms combine by | 
one, or two bonds. 

(4) When two gaseous carbon atoms combine by three bonds no 
beat ia evolved; a little beat is indeed absorbed. 

74. The fundamental assumption made by Thomsen in this 
investigation is that the molecule of gaseous carbon is diatomic. 
The only apparent reason for making this assumption is that it 
becomes easy to speak of two carbon atoms as united by one, 
two, three, or four bonds in tbe molecule C,. On p. 17 are given 
the data on which the classification of elementary molecules in 
accordance with their atomicity must be based. If the student 
considers the table there given he will be convinced that Thom- 
sen's assumption of the diatomicity of the carbon molecule is 
quite unjustified. Some of the results which Thomsen has him- 
self arrived at appear to oppose this assumption. Thus, how is 
it possible that two free gaseous atoms can combine together with 
absorption of heat unless the process of combination is complex, 
and consists of two parts, (1) separation of the atoms into parts 
with absorption of much heat, and (2) combination of these parts 
with evolution of less heat than was absorbed in (1)? Again 
the fact that the specific heat of carbon increases very con- 
siderably with increase of temperature suggests that the 

1 Viileisuchiingfa, 2. 112. 
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I molecule of carbon, or at least the reacting unit of solid carbon, 

I is a complex structure. 

75. If one carefully examines Thomsen's conclusions one 

I will, I think, find that they are meaningless ; or that they 
completely demolish the theory of bonds which they are 
supposed to support. 

A bond is a ' unit of affinity ', or a ' unit of atom-fixing 
power;.' at any rate it is always spoken of as a unit of some 
kind. Now when one ' bond ' of a carbon atom is ' satisfied ' by 
one bond of another carbon atom, there is, according to Thomsen, 
a running down of energy which is measured by the evolution 
of about 15,000 gram-units of heat; when two honds of a 
carbon atom are satisfied by two bonds of another carbon atom, 
there is a running down of energy which is measured by the 
evolution of about 14,000 gram-units of heat; and when three 

, bonds of a carbon atom are satisfied by three bonds of another 
carbon atom, there is a gain of energy which is measured by the 
absorption of about 1200 gram-units of heat. Compare this 
unit, the 'bond,' with another unit in common use. One 
would be slightly surprised to discover that two feet were 
equal to one, aud that three feet when added together 
measured a little less than nothing. Moreover the value of 
this ' unit of atom-fixing power ' varies according to the nature 
of the atom fixed. The dynamical value (to use Thomsen's 
expression) of a carbon bond is variable; it differs according as 
the atom combines with carbon or with hydrogen atoms. 

The truth seems to be that the conception which underlies 
the word ' bond ' is not a dynamical conception, although the 
language used by the upholders of the hypotliesis is for the 
most part based on and derived from dynamical notions. 

It must surely be a legitimate object of research to de- 
termine the 'numerical values of the dynamical constants of 
carbon ', that is, according to Thomson, the constants on 
which the thermal values of the formation and decomposition of 
carbon compounds depend; but among those constants we 
cannot, I think, place the value of the ' bond '. 

' The notion of the bond was unfortunately introduced to 

help chemists to clearer views regarding the valencies of atoms 

\ja molecules. At first chemists used the bond as an Dlustration; 
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they introduced it with an apologetic 'as it were'; but before 
loDg tbej forgot that there were facts underlying the words , 
used ; the words became everything, and as usual the tyranny of | 
phrases has proved unbearable. 

76. Many difEcultles attend all attempts to apply thermal ■ 
methods to the study of isomeric changes. We have as yet no ^ 
kinetic theory of solids and liquids, and the only feasible I 
theory of the mechanism of chemical change is strictly I 
appHcable to gases alone. If thermal data hearing ou the 
subject of isomerism are accumulated I think we shall have to 
attempt a classiiicatioii of isomerides for the most part inde- 
pendently of the prevalent chemical views regarding the 
structure of molecules. Shall we place the stable isomerides 
in one class, aud the unstable iaoraeridea in another, stability 
being measured by the greater or less loss of energy attending 
the formation of the different isomerides from the same 
materials ? But in most eases part of the energy lost will 
be the accompaniment not of chemical but of physical changes. 
How shall we separate these two kinds of change? Unless 
this separation can be made we may arrive at very wrong 
conclusions regarding the stability of isomerides : an isomeride 1 
which from purely thermal data is classed as chemically ' 
stable, may turn out to be chemically unstable ; the 1 
heat- evolution attending the formation of the compound may ' 
be due to subsidiary physical occurrences which accompany the 
primary chemical change. 

For diita regarding heats of combustion of isomerides see Appendix 
II. 



^^SjsCTioN II. Neutralisation of acids by bases, and of bases 
^^L by acids. 

^^V77. The study of the phenomena of neutralisation is one 
■well suited for the application of thermal methods. The 
chemical changes to be considered occur between compounds in 
dilute aqueous solutions, and the influence of subsidiary physical 
changes is thus reduced to a mimimum'. The subject of study 
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in aiao always a chemical operation, rather than an indiviilaal 
compound ; and operations, or processes of change, form tbe 
proper subject-matter of chemistry. 

The first volume of Thomsen's Thermochemuche Untentick- 
utigen is devoted to a consideration of the neutralisation of acids 
and bases. 

78, T)ie heat of neutralisation, of an acid by a base or of a 
base by an acid, is defined as the number of giam-tmits of heat 
evolved when equivalent* quantities, in grams, of the acid and 
base are mixed in dilute aqueous solutions, the products of the 
action being also soluble in water. 

Thomsen employs a solution of 2NaOH (grams) in about 
400 H,0 (grams) as the standard base, and a solution of H^SOj 
(grams) in about 400 H^O (grams) as the standard acid. 

The thermal values of the following reactions represent the 
heata of neutralisation of various acids and bases. 

[2NR0HAq, 2HXAq] in the caae of a monobasic acid ^^B 
[2NftOHAq, H'JAq] dibasic ^^| 

[SNaOHAq, ^H'A'Aq] tribasic ^| 

[2NaOHAq, iH'XAq] „ tetrabasic „ 

(.Y = acid radicle); 
[H'SO'Aq. 2M0HAq or 2N .fAq] in the case of a monacid base 
[H'SO'Aq, M(OH)'Aq or N'-TAq] „ diacid 

[H'SO'Aq, §M(OH)'Aq or |N'A"Aq] „ triacid 

[H'SO'Aq, iM(OH)'Aq or JN'.r'Aq] „ tetracid „ 

(X= H, or a radicle 0,H„^,). 

79. Thomsen divides the commoner acids into four groups 
according to the values of their heats of neutralisation. 

I. Those acids which have a heat of neutralisation approxi- 
mately equal to 20,000 gram-units ;— 

HNO^, HCIO, H,B,0., H,CO, Ac. 

II. Those acids which have a heat of neutralisation ap- 
proximately equal to 25,000 gram-units : — 

H,CiO., C,H,(CO,H),, CH,CHOH(00,H), i-c. 

' The Btudent slionld note here that equivalent, not molecukr, quantitieB of 
(LciilB and basee are emplojed: e.g. Na^OgH, and H^SO^ and HgN^O, eipreBE 
eijniiBlent (jnaDtities of soda, Eulpliuric aciJ, und niliic acid respectiTcIy. 
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III. Acids with a heat of neutralisation nearly equal to | 
27,000 gram-units ; — 

HC], HBr, HI, HCIO,, HBrO,, HIO,, HNO,, H,S,0„ 

H,SiF„ HCO,H, CH.CO,H ic 

Most of the acids esamined by Thomsen belong to this group. 

IV. Acids having a heat of neutralisation greater than 27,000 
units^ and varying from 28,000 to 32,500 units : — 

OH,CI.CO,H, CHC1,.C0,H, CC!,.CO,H, H,C,0„ H,PO,, 
H^O,, H,SO„ H,SbO„ HF, HPO, <fec. 
The heat of neutralisation of a few acids ia less than 20,000 1 
units. 

80. The bases which are soluble in water may be divided ' 
into two groups, so far as their heats of neutralisation are 
concerned. 

I. The group of the hydroxides, represented by NaOH and 
KOH. The mean value of the heat of neutraUsatiou of bases 

this group is 31,350 gram-unita. The group comprises the 
iwing bases ; — 
LiOH, NaOH, KOH, TIOH; Ca(OH)„ Sr(OH)„ 
Btt(OH),'; N(CH,).OH, (C.HJ^SOH, Pt(NH,),(OH)^ 

II, The group of the anhydrous bases, or the amines, 
represented by NH,. The mean value of the heat of neutrali- 
sation of bases in this group is 28,000 gram-units. The group 
comprises NH, and the amines NH/C,H„^J and NH(C,H^^,),. 
The substitution of negative radicles for H in the molecule NH^ 
is attended with a considerable decrease in the heat of neutrali- 
sation of the base ; thus 

[2NH'{C''H')Aq, H'SO'Aq] = 15,500, 

• and [2NH'(C'H')Aq, H'SO'Aq] = 15,200; 

alao[2KH"OH Aq, H 'SO* A q] = 21,600. 
When CO is substituted for H, in 2NHj the heat of neu- 
tralisation of the product [(NH,),CO] is almost equal to nothing. 

81. The basicity of an acid the formula of which is known 
f be determined by measuring the quantity of heat evolved 

' See post, para. 06, 07. 
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during the reaction of one formula- weight' of the acid, in dilute 
aqueous solution, on \, j, ^, 1, 2 &c. formula- weights of soda, 
also in dilute aqueous solution. Thus consider the following 
thermal values : — 
Aotion of BCl Aq on NaOH Aq. Action o! H,SOj Aq on NaOH Aq. 

[HClAq,iNaOHAq]=ahoiitG,000 [H'SO'Aq, JNaOHAq]-about 7,000 
[HClAq.'NiiOHAq^ ,. 13,500 [H=SO'Aq, NaOHAq]= „ 14,600 
[HClAq, 2NftOHAq> „ 13,500. [H'SO'Aq, 2NaOHAq]= „ 31,000 
[H'SO'Aq,3NaOHAq]= „ 31,000. 
Action at C,U^O, Aq on SaOH Aq, 
^^^ [C'H'O'Aq, NaOHAq]= 12,400 

^^^ [O'H'O'Aq, 2NaOHAq] = 24,800 

^^H [C"H"0'Aq, 3NaOUAq] = 38,000 

^^^^ [C'H''0'Aq, 4NaOHAq] = 38,000. 

From these data we conclude that hydrochloric acid is a 
monobasic, sulphuric acid a dibasic, and citric acid a tribasic 
acid. 

When one formula-weight of soda and one of hydrochloric 
acid react, as much heat is evolved as when twice, or more than 
twice this quantity of soda is used ; but the action of two 
formula- weights of soda on one of sulphuric acid evolves, in 
round numbers, twice as much heat as the action of half this 
quantity of soda ; in the case of citric acid it is necessary to add 
three formula- weights of soda to one of acid before the maximum 
evolution of heat is attained. 

82. The quantity of heat evolved during the neutralisation 
of a dibasic acid is sometimes divisible into two exactly equal 
parts, according as one or two formula- weights of soda are 
allowed to react with one formula-weight of the acid. In other 
cases the thermal value of each stage of the total operation 
is different. Thus consider the following data" ; — 
[H'SiFAq, NaOHAq]= 1 3,300 [H'SO'Aq, NaOHAq] = U,750 
[H'SiPAq, SNaOHAq] = 2 >c 13,300. [H'SO'Aq, SNaOHAq] 

= (3. 14,750) + 1,900. 

' The formalffl HCl, HjSOj, H,POj, HjCjO, &e. do not represent equiTalent 
qTuntities of the acida formulated ; nor do thej reprcBeat, in all cases, molecnlar 
weights. The term formula-weight is ounibroue, hut I think it eipresBea a 
definite quantity of the aubatanee under oonaideratiou. 

= Thomaen, loc. cit., I. 302—6. 
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^b [H'SO^Aq, NaOHAq] = 15,850 

^H [H'SO'Aq, SNaOHAq] = (2 . 15,850} - 2,750. 

^^ 83. Each of these three acida represents a group. Thomsen 
divides the dibasic acids esamined by him into three groups, 
according aa the thermal value of tbe action of the second 
formula-weight of soda is (1) equal to, (2) greater than, or (3) 
smaller than, the value of the action of the first formula-weight'. . 

• The data are presented in the following table : — 

IGrol'p I. 
9Hei 
1. 
1. 
r 
til 
h 



list 
[Snd 



13,300 
13,300 

Group II, 



H.PtCl.' 
13,600 
13,600. 



H,0,0. H,0,H.O, 



1 2nd 



ISnd 



11,100 
J,150 8,900 
0,H,(CO^), 



Group IIL 

15,850 
13,100 
H,CrO, 
, 13,150 

11,550 

The tribasic acids examined by Thomsen may also be 
classified according as the thermal value of the action of the 
second formula-weight of soda is greater or smaller than that of ' 
the first, and the value of the action of the third formula-weight 
is greater or smaller than that of the second. The data are as 
follows : — 



H,SeO, H^CO^ 
14,750 11,000 
12,250 9,150 
H,PHO, 

14,850 

13,600 11,750. 



let fom 
2nd 
Srd , 

Ihomaen 



Group I. 






It evolvEd in action of H Cil^O H C H 0, 

NaOH (Acoaitio Acid} (Citric Acid) 

let formula-weight 19,850 12,650 

" ■ 12,950 12,800 

Srd „ „ 13,350 13.560. 

loc. cil. 

' But see Tbomsen, loc. cit., 1. 229: it ie doabtful nhetlier the nnmberB 
m renlly represent the tbermal value o[ the Ration of Eoda,aQ.1,\aaBini^. 
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Group IT. 






HaOH 


H.AsO, 


Aoid 


H,PO, 


1st form Ilia- weight 
2nd „ 
3rd „ 


15,000 
1^,600 
8,350 




14,850 
12,250 
6,950. 



Group I. of the tribasic acids corresponds to Group II. of 
the dibasic, and Group II. of the tribasic to Group III, of the 
dibaeic acids, 

85. Thomsen suggests tliat tliis classiii cation of dibasic and 
tribasic acids may be auramarised in the following typical 



Dibasic Acids, 



Acid of Group I. 



III. 



Typical formula RH, e.g. SiP, . H, ; 
E(OH). e.g. SO,(OH), ; 
Il(OH)H e.g. 80,(0H)H. 



Tribasic Acids. 
Acid of Group I. Typical formula R(OH}, e.g. C„H,0.(OH)^ ; 
„ II. „ HR(OH)He.g. HPO,(OH)H. 

Let us now consider Tbomseu's results and conclusions in a 
little more detail'. 

86. As regards monobasic acids ; the addition of more soda 
than suffices to produce the normal salt of one of these acids, or 
the addition of the acid itself to the normal sodium salt, is at- 
tended by practically no thermal change, or at most by a thermal 
change the value of which does not amount to 2 per cent, of the 
total heat of neutralisation. 

87. As regards dibasic acids : we have seen that in the 
case of every acid, except two, examined by Thomsen, the 
thermal value of the action of the first quantity of soda added 
is different from that of the second, equal, quantity of soda. 
The first of the typical formulie suggested by Thomsen for 
the three classes of dibasic acids (par. 85) is probably to bo 
assigned to H^PtCls and H,SiF, only. 

Why should the formula R(OH)^ rather than R(0H)H: be 
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assigned to the acids of Group II.? The formula R(OH)H 
would indicate the easy separation of the acids into anhydride 
(R) and water (OHH). But the acids placed in Group III, are, 
as a class, more easily separated into anhydride and water than 
those placed in Group II, If the differences between the 
thermal values of the first and second quantities of soda acting 
on the acids of Group IH. are tabulated we have this result : — 
H,SO^ = 2,750; H,SeO, = 2,500 ; H,CO„-1,850; H,B,O. = 2,200 ; 
H,OrO,= l,600; H,PHO, = 1,250; C,H,(CO.H), = 650. 

These differences vary from 9-5 (H^SO^) to 2-7 [C,H.(CO,H)J 
per cent of the total heat of neutralisation. We have good 
evidence in support of the statement that succinic acid is a 
dihydroxyl compound ; therefore, although it occurs in Thomsen'a 
third group, we must place it with those acids the typical 
formula of which is E(OH)j i.e. with the acids of Group II. 
It is fairly easy to separate the other acids of Group III, into 
anhydride and water. 

The formula COj(OH)H for carbonic acid is to some extent 
confirmed by the fact that the higher homologues of this acid 
although dihydric are distinctly monobasic. 

If the differences between the thermal values of the first 
and second quantities of soda acting on the acids of Group II, 
are tabulated we have this result : — 
H,SO, = 1,900; H,SeO, = 900; H^C,O. = 600; H^H,C,0, = 400. 

These differences vary from C {H^SOJ to I'o {H,H,C,0,) 
per cent, of the total heat of neutralisation. The differences in 
the case of acids of Group III. are considerably larger than these. 
When the difference between the thermal , values under con- 
sideration is small, and, as a rule, the value of the second 
quantity of soda is greater than that of the first, Thomsen 
regards the acid as, generally speaking, belonging to the type 
R(OH)j; when the difference in question is large, and the 
value of the second quantity of soda is, as a rule, smaller than 
that of the first, the acid is regarded as belonging to the type 
K(OH)H. 

88. The behaviour of arsenious acid, or rather of an 
aqueous solution of the compound As,Oj, towards soda is 
peculiar. The oxide AsiOa dissolves in water with absOT^^xcTi. 



1 
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{ diffi = 6,500 
= 1,200 
= 600. 



-13,700 

= 400. 



L ia produced. 

4 

cnrr-piTinTifliiKt ' 



of heat: [As'O', Aq] = — 7,550. When soda ia added to this 
solution heat is evolved, and the salt NajHAsO, is produced. 
The thermal data are these ; — 

[Aa'O'Aq, ar NaOHAq] 
«=1= 7,300) 
a: = 2 = 13,800 
a;= 3 = 15,000 i 
a:- 6 = 15,600 I 
Let us contrast these data with those for the corresponding 
oxide of phosphorus. The compound P5O3 dissolves in water 
with considerable evolution of heat. The thermal data observed 
when soda is added to this solution are summed up as follows : — 
[P'O'Aq, X NaOHAq] 
a!=l = 14,800j 
35 = 2 = 28,500 
0;= 3 = 28,900 i 

Aqueous solutions of ASi,Oj and P^O, are therefore altogether 
different as regards reaction, and hence also aa regards com- 
position. It ia very probable that AsjO, dissolves unchanged in 
water, but it is nearly certain that an aqueous solution of P,0, 
contains the acid H3PO3. But a comparison of the heats of 
neutralisation of aqueous solutions of As^O, and P^Oj shews that 
these liquids are very analogous; each indeed contains a 
tribasic acid. Thus, 

[HTO'Aq, X NaOHAq] [H^AsO'Aq, x NaOHAq] 

a:= 1 = 14,8 
iB = 2 = 27,100 j 
a! = 3 = 34,000 



[diff. = 12,300 
, = 6,900 



a:- 6 = 35,300 



1,300 



= 1 


- 15,000 


= 2 


= 27,600 


= 3 


= 36,000 


-6 


= 37,400 



diff. = 12,600 
= 8,400 
= 1,400. 



89. Too much stress must not be placed on any scheme of 
chemical classification of acids founded solely on thermal data. 
It is very probable that a considerable portion of the heat 
evolved during the neutralisation of acids by bases indicates 
physical, rather than chemical, change. If this is forgotten, very 
contradictory conclusions may be dra^vn from thermal data 
regarding the chemical composition of apparently analogous 
I compounds. Thus, we have seen that Thomsen assigns analogous 
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formulsB to arsenic and phosphoric acids viz. HP03(0H)H and 
HAs03(0H)H ; he has also assigned the formula HP02(0H)H 
to phosphorous acid, and he thinks his data shew that an aqueous 
solution of arsenious oxide does not contain arsenious acid but 
the unchanged oxide AsjOg, but on the other hand that an 
aqueous solution of arsenic oxide contains the acid HjAsO^. 
Now an alkaline solution of arsenious oxide is quickly oxidised 
by addition of iodine, but an aqueous solution of the same oxide 
is not oxidised by this means. Thomsen* gives these num- 
bers : — 

[AsWAq, r, 4NaHC0'Aq] = 114,200 ; but [AsWAq, I*] = - 5,780. 

An aqueous solution of phosphorous oxide is very slowly 
oxidised by iodine, although the thermal value of the reaction 
is a large positive quantity : 

[P'O'Aq, 1*] = 71,400. 

Thomson suggests, that in the oxidation of aqueous As^Oj it 
is only necessary to add on oxygen and water, but that in the 
oxidation of aqueous PjOg it is necessary to bring about some 
more profound change in the arrangement of the constituent 
parts of the compound. But Thomson's previous conclusions, as 
summarised above, are directly opposed to this view; to convert 
HP02(0H)H into HP03(0H)E should be a simpler process 
than to produce HAs03(0H)H from AsgOg and HgO. 

90. Thomson has considered the thermal phenomena 
attending the neutralisation of a few acids in considerable 
detail. Let us look at his treatment of the thermal changes 
accompanying the action of alkalis on a solution of periodic 
acid*. 

91. Periodic acid, HJOg, is produced by the mutual action 
of perchloric acid, iodine, and water ; thus, 

H.CI.O3 + 1. + 4H,0 = 2H,I0, + CI,. 

When chlorine is passed into a strongly alkaline solution of 
sodium iodate, sodium periodate is obtained ; thus, 

NalO, + CL + 3NaOH = Na,H T0« + 2NaCl. 

1 Loc, eit, 2. 237. * Loc. cit. 1. 244. 

M. T. a ^ 
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Barium periodate is produced by heating barium iodate; 
thus, 

5BaI^0,(heated) = Ba^(IOe), + 41, + 90^ 

The compound HJOg is the only periodic acid which has 
been obtained, but salts are known which appear to be derived 
from other acids. Thus AgglOg (obtained by adding AgNOg to 
solution of NajHjIOg or Ba5(I06)5,) dissolves in nitric acid, and 
the salt AgJaOg separates from this solution ; 

(] 2Ag,I0e+ 8HNO3 = Ag,I,03 + 8AgN03 + 4H,0). 

When AgJjOg is treated with water it is separated into 
periodic acid and a new silver salt AgJ^Og ; thus, 

2AgJfi, + 5H,0 = AgJ.O, + 2HJ0,. 

92. The following are the thermal data obtained by Thom- 
son regarding the neutralisation by potash of the acid HglOg: — 

n [H^'WAq, TiKOHAq] 

1 5,150 

1 16,520 

2 26,590 
I 28,230 

3 29,740 
5 32,040. 



8um= 26,590; 

.=13,295units 

per KOH 



The action of the first formula-weight of potash added ^ 
is attended with evolution of 5,150 units of heat 
„ of the second do. do. 21,440 „ „ 

„ ofthethu-d do. do. 3,150 „ „ added. 

„ of the fourth & fifth do. 2,300 „ „ 

The mean heat of neutralisation of most acids per formula- 
weight of potash or soda added is about 13,500 gram-units; 
but no acid shews so great a difference between the thermal 
values of the action of the first and second quantities of alkali 
as periodic acid. Thomson's results, when the quantity of acid 
varies that of potash being constant, are as follows : — 

n [wH*IO"Aq, KOHAq] 

i 6,410 

^ 9,910 

I 11,290 

I 13,300 

I 12,010 

1 5,150. 
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The c[uaiitity of heat evolved reaches a masdmuni when the 
aciil and base react in the proportion H5IO, : 2K0H. This 
proportion of potash indicates what Thomsen calls the 'limit of 
normal neutralisation" of the acid HjIO,. 

The results contained in the foregoing table are shewn in 
graphic form in the accompanying figure. The process of 




neutralisation evidently proceeds regularly until the proportion 
JHJ0„ : KOH (or H4O, : 2K0H) is reached. When more acid 
is then added much heat is absorhed; 8,150 units being the 
quantity absorhed by addition of another ^HjIO, grams of acid. 
This absorption of heat points to the production of an acid 
ialt in the solution. 

iU9 phenomena are exhibited by various dibasic acids; 
thus when H^SOj (grams) is added to KjSOj (grams) in solution, 
035 gram-units of heat are absorbed ; when H^SeOj is added to 
KjSeOj, 290 units are absorbed ; and when H,CjOj is added to 
KaCjOj, 432 units are absorbed ; in each case an acid salt is 
produced. 

93, These facts regarding periodic acid point to the con- 
clusion that the normal potassium salt of the acid H^IO, must 
have the formula KjHJOs, and the acid salt the formula KHjIO^ 
Two-fifths of the total hydrogen in the acid is, on this view, 
normally replaceable by potassium. 

But how are we to account for the existence of the salts 
Ag,IjO„, K,I,0,, &c. ? Here we must remind ourselves that 
many periodates of the form XjHJO, easily lose water, on 
heating, with production of new salts A'lljO^ To mdvMAa Wsi 
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easy occurrence of this reaction it will be advisable to dou' 
the ordinary formula for periodic a.cid, and to write it H,ijlj( 
This acid will then be regarded as tetrabasic, forming the aci^ 
salts X,H, . HJjO,j, and the normal salts X, .HjIjOu some o( 
which readily Jose water (SH^O) with production of salts of thg 
form ^YjI^O^; these last named salte may then be regarded afl 
derived from an acid H,LO, { = H^ . HJ,0., - 3H,0). 

But, remomberiDg that when 2K0H is added to H^ . HjIjO^ 
the quantity of heat evolved is only a small fraction of that 
produced when 4K0H is added to the same quantity of acid, it 
occurs to us to ask: is the salt produced by the mutual action oj 
2K0H and H,.HJ,Oj, really the acid salt K,H,.H,T,0„? M 
has been suggested that the salt in question has the composition 
KjIjOj. This salt (KjIjOs) is, we know, produced when chlorioQ 
is passed into an alkaline solution of potassium iodate. If tl 
action of 2K0H on H, . H JjO^ results in the production of KJ[,C 
but the action of 4K0H on the same quantity of the 
acid results iu the production of Iv, . HjljOj^, then the actii 
of the acid on the last mentioned salt would probably resi 
iu the formation of the first named salt, viz. KjI^Oj. On tba 
view, these three reactions would he represented in formulas thi 

(1) 2K0H + H. . HJ,0„ = K,I,0„ + 6H^0 ; 

(2) K J,0, + 2K0H + 2H,0 = K. . H,I,0„ ; 

(3) K, . H Jp„ + H. . H,I,0,, = 2E,I,0, + 8H,0. 

In (1) we have not only partial neutralisation of the acid 
but also the separation of 611^0 ; in (2) we have fixation ol 
2H,0 accompanying the production of the new salt ; and in (3] 
we have separation of 8HgO accompanying the decompositiou 
of the normal salt. We should expect reaction (1) to b« 
accompanied by the evolution of less heat than (2), and w( 
should certainly expect reaction (3) to occur with absorption ^ 
a considerable quantity of heat; and these expectations a] 
confirmed by the data given in the tables on p. 82. 

94. Perhaps if we write the formula of periodic acid, wH 
Thorasen, as HJ„0,.3HjO rather than H^.H^I^O.j, we get ( 
good a general view of the facts regarding the periodates as cs 
be hoped for at present. The action of potash on this ac! 
would be formulated in this way: — 
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■ (1) HJ,0,. 3H,0 + 2K0H - K,T,0, + 6H,0 ; 
(2) K,I,0. + 2H,0 + 2K0H = K,I,0, . 3H,0. 
rteactiun (1) is attended with the evolution of 2 x 5,150 
units of heat; reaction (2) with the evolution of 2 x 21,44(1 
units. Taking the mean thermal value of 2K0H as 2 x 13^100, 
it is seen that reaction (1) is 2 x 8,150 units less, and reaction 
(2) is 2 X 8,140 units more, than the mean'. 

95. A thermal examination of the neutralisation-phe- 
nomena of silicic acid has been made by Thomsen'. The 
solution used was prepared by exactly neutralising an aqueous 
solution of sodium silicate of known strength by hydrochloric 
acid. Thomsen's general results are as follows : — 

(1) Silicic acid exhibits no fixed neutralisation-points 

(2) The heat of neutralisation increases as the quantity of 
acid increases, and approaches a probable maximum, equal to 
13,400 units for one formula- weight of soda. 

(3) When the quantity of silicic acid remains constant, and 
is equal to that expressed by the formula SiOj, the thermal value 
of the action of soda increases as the quantity of soda increases, 
and approaches a probable maximum of 6,300 gram-units. 

(4) The thermal value of the gelatinising of an aqueous 
solution of silicic acid is almost nil. 

(5) The thermal phenomena atteuding the mutual action 
of soda and silicic acid point to the existence, under certain 
conditions, of isomeric modificationg of the acid. 

Thomsen has shewn that sulpbydric acid is a monobasic 
acid: HSH. The analogies between the actions of sulphur 
and oxygen lead him to favour the view that water is also a 
monobasic acid : HOH ; the salts NajS and KjS cannot exist 
in aqueous solution, no more can the salts Na,0 and KjO exist 
in aqueous solution. This view helps to throw some light on 
the anomalous behaviour of an aqueous solution of silicic acid 
towards soda. The base (soda) is divided between the two 
acids (silicic acid and water) in accordance with the relative 
avidities' (or affinities) of these acids. The avidity of most acids 
is so much greater than that of water, that when an acid and 
' Tor more detaUa SBe Thomsen, loc. cit. 1. 252—3. 
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wiiter react on a base the whole or almost the whole of the base 
is combined with the acid ; but the avidity of silicic acid ia so 
small (almost equal to nothing Recording to Thomsen) that a 
considerable quantity of the base remains combined with the 
water. For this reason, also, the heat evolved in the action under 
consideration varies considerably, according as much or little 
water is present. 

9(5. We must now turn to Thomsen's treatment of the ther- 
mal phenomena presented during the neutralisation of bases. 

The action, the thermal value of which is to be measured, 
may be represented by the general formula 

[BAq, H'SO'Aq], 
where E is a base. 

When the product of the action is an insoluble salt, e.g. 
when B = SrO or BaO, the thermal value of the precipitation 
of this salt from solution must be determined. 

Thomsen gives the following numbers as representing the 
values of the reaction formulated above when the ba^e varies: — 



{NH,),0 28,153 



Base 


Gram- 

imits + . 


EaO 
SrO 
OaO 


36,896 
30,710 
31,140 



I 



Base Oram-unitB + . Baae Oram-units -|- 

Li,0 31,288 T1,0 31,095 

Na,0 31,378 
K,0 31,288 

None of these numbers, with the exception of those fur 
ammonia and baryta, differs much from that for soda, viz. 
SI, 378. An aqueous solution of ammonia certainly differs very 
considerably from an aqueous solution of any of the other 
oxides examined. The large value obtained for baryta is ex- 
plained by the fact that barium sulphate is precipitated, and 
that heat is evolved in this process. But strontium sulphate is 
also an insoluble salt: why is the value observed for strontia less 
-, than that observed for soda ? Thomsen answers this question 
by saying that heat is absorbed when strontium sulphate ia 
precipitated from its solution. The mode of reasoning on 
experimentally determined data by which this result is arrived 
at is instructive. Let us examine it a little. 



97. Iq the first place, Thomsen compares the heats of 
neutralisation of soda and baryta when acted on by I'arious 
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acids which form soluble salts with both bases, with the heats of 


neutralisation 


of these bases when acted on by 


ulphuric acid. 


K The following table contains his results' : — 




■ 


Heat erolved hg the aetinn «f 




■ ^„u 


2NaOH Ba(OH), Di/«-™m. 


^ypophoaphort 


us 2H^P0, 30,320 30,931 


611 


CLloric 


2HC10, 27,518 ZS.OSe 


S38 mean ^507, 


Hydrochloric 


2HC1 27,488 27,784 


29fi or about 2 


Mitric 


2HN0, 27,364 28.264 


9001 per cent of 


D it li ionic 


HSO, 27,072 27,760 


688 She heat of 


Ethyisulphuric 


2d,HH80. 26,926 37,560 
2CIH;0, 215,790 26,904 
2HSH 15,476 15,748 


634 neutralisa- 


Acetic 


114 tion. 


Salphydric 


272 



Sulphuric H^SO, 31,378 36,896 .^,518. 

There can be little doubt that the large difference in the 
last line of this table is due to the heat evolved during the 
precipitation of barium sulphate, and that the true heat of 
neutralisation of baryta is approximately the same as (probably 
about 500 units more than) that of soda'. 

This result is confirmed hy a thermal study of the reaction 
[M'SO'Aq, BaO'H'Aq] 
where M = Na, K, Tl, or NH,. This reaction if thermally 
expanded, represents the difference between the heat of neutra- 
lisation of baryta and that of soda, potash, thallia, or ammonia, 
by sulphuric acid ; 
[M'SO'Aq, BaO'H'Aq] = [BaO'H'Aq, H'SO'Aq]-[M=0'H'Aq, 

H'SO'Aq]." 

The differences as thus measured are shewn to agree very 
closely with the differences obtained by direct observation of 
the heats of neutralisation, by sulphuric acid, of baryta and the 
four bases already named*. 

The two following reactions are strictly comparable, 
(i) [BaCl'Aq, Na'SO'Aq] = 5,240; (2) [SrCl'Aq,Na'SO'Aq] =- 300. 

' Loc. ciC. 1. 329. 

=" Therefore, tho heat of precipitation of BaSO^U about 5000 + . 

" We auppoBe the snlphate to be separated into MjOjHjAq and HjSO^Aq; the 
heat abaorbud in doing this will cviilently be equal to thitt evolved in tbe 
neutralisation ot the base M;0.jH,iq, 

* Id. loe. tit. 1. 315. 



88 APPLIUATIUNS V¥ THKRMAL METHODS. [cHAP. III. §§ 98, 99. 

If tliese reactions are thermally expanded, each is found to 
consist of four parts ; thus (let X = Ba or Sr) 
[XCl'Aq, Na"SO'Aq] 

f [XO'H'Aq, H'SO'Aq] - [XO'H'Aq, 2HClAql| 
(1) (3) ■ 

( - [Ntt'O'H'Aq, H'SO'A(|] + [Na'O'H'Aq, 2KCtX 
In both casea aa insoluble sulphate is produced and precipi- 
tated ; then, assuming that the true values of (1) and (2) are 
the same whether X = Ba or Sr, it follows that the difference 
between the ohserved values of the two reactions must approxi- 
mately represent the difference between the heats of precipita- 
tion of the two insoluble sulphates. Now 5,2i0 — (— 300) = 5,540. 
But the heat of precipitation of barium sulphate has been shewn 
to be about 5,000 units ; therefore the heat of precipitation of 
strontium sulphate is represented by a small negative value, 
which is approximately equal to 500 units. 

98. Thomsen concludes that the heat of neutralisation of 
aqueous solutions of the alkalis (including thallia) and alkaline 
earths, is a constant number: when sulphuric acid is used the 
value is 31,150 units, when nitric or hydrochloric acid is 
employed the value ia 27,6i0 units. To this group belong the 
otgifflie bases N(CH,),OH, (C,H^),SOH, and Pt{NH,),(OH)^ 
The heat of neutralisation of ammonia in aqueous solution is 
approximately 3,04G units less than that of the alkalis and 
alkaline earths. 

99. Thomsen then proceeds to determine the heats of 
neutralisation by sulphuric acid of the bases MgO, MnO, NiO, 
CoO. FeO, CdO, ZnO, and CuO. The method employed 
consists in decomposing aqueous solutions of sulphates of 
nesium, manganese &c. by baryta water ; that ia to say, values 
are found for the reaction 

[MSO'Aq, BaO'H'Aq], 
"where M = Mg, Mn &c. 

When this reaction is expanded it becomes 
[MSO'Aq, BaOTI'Aq] = [BaO'H'Aq, H'SO'Aq] - [MO'H'Aq, 

H'SO'Aq]. 

Hence if the value of this reaction for each base is subtracted 

from the thermal value of the action ol' H SO.Aq on BaO.H.Aq, 



values 
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viz. 36,896 units, the remainder represents the heat of neutrali- 
sation of the given base by sulphuric acid. The data are 
presented in the following table \ 

Heats of neutralisation of the bases of tlie magnesia group. 
M [BaO^HSAq, H^SO^Aq] - [MSO^Aq, BaO^H^Aq] = [MO^H^Aq, H^SO^Aq]. 

Mg 36,896 5,840 31,056 

Mn „ 10,304 26,592 

Ni „ 10,628 26,268 

Co „ 12,224 24,672 

Fe „ 12,004 24,892 

Cd „ 13,072 23,824 

Za „ 13,428 23,468 

Cu „ 18,456 18,440. 

The heat of neutralisation of magnesia is practically the 
same as that of the alkalis and alkaline earths; the heats of 
neutralisation of the other bases of the group shew considerable 
diiFerences. 

100. The value of the reaction [Fe'^O'H^Aq, BHClAq] is 
obtained by Thomson from the following data : — 

(1) [6NaOHAq, 6 HCl Aq] = 82,464 ; (2) [Fe'CTAq, 6NaOHAq] 

= 49,008. 
Now reaction (2) when expanded becomes 

[6NaOH Aq, 6HC1 Aq] - [FeWH« Aq, 6HC1 Aq]. 

Hence from the numbers given 

[Fe'O^ffAq, 6HC1 Aq] = 33,456 units. 

101. Thomson thinks that the true heats of neutralisation 
of aqueous solutions of the bases of the magnesia group are 
represented by a constant number, and that the diflferences 
observed in his method of procedure are due to differences 
in the heats of solution in water of the various bases. The 
arguments by which Thomson seeks to establish this conclusion 
are, it seems to me, very untrustworthy'. 

For data regarding heats of neutralisation of acids and bases see 
Appendix III. 

1 Thomsen, he. cit. 1. 339—340. 
3 See loc, ciU 1. 436—440. 
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Section III. Distribution of a base between two acids. 
Relative avidities of acids. 

102. When two acids and one base react in (iquivaJent 
quantities in a dilute acjueous solution, the products of the 
action being all soluble in water, what are the proportions in 
which the acids combine with the base ? 

103. Neutralisation of various acids by the same base is 
attended with evolution of different quantities of heat. If one 
acid replaces another from its combiuation with a given base 
the operation will be attended by a thermal change, the value of 
which will be positive or negative according as the heat of 
neutralisation of the free a<?id is greater or smaller than that of 
the acid already combined with the base. 

Thus, consider the reaction between equivalent quantities of 
nitric acid and sodium sulphate in dilute aqueous solution. 
The distribution of the various compounds before and after the 
reaction will be represented thug, 
JTa,SO. + H,N,0, = x Na,N,0, + x H,80, + (l~x) Na,80, 

+ (1 - ») H,N,0^ 

In order to determine the thermal values of the various 
parts of this reaction it will be necessary to measure the thermal 
change which occurs during each of the following operations: — 

(1) Neutralisation of fiulphiiric acid by soda. 

(2) Neutralisation of nitric acid by soda. 

(3) Action of sulphuric acid upon sodium aalpliate. 

(4) Action of nitric acid upon aodium nitrate. 

(5) Action of sulphuric on nitric acid'. 

lOi. When equivalent quantities of nitric acid and audium 
sidphate react in dilute aqueous solution heat is absorbed ; but 
when sulphuric acid and sodium nitrate react under similar 
conditions heat is evolved. But the final distribution of the 
base between the two acids will be the same in both cases ; and 
moreover, this distribution will be the same as that which 
results when equivalent quantities of the two acids and the 

' See Thomaen, foe. cit. 1. SB ct set].; or, full nbstmct of Tliomseu'* 
original paper in Fliil. Mng. (i) 39. 410. 
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base mutually react. Suppose we start witli Nai,0,H„ H^O^B 
and H^NjOj (in solution) and allow the system to settle down* 
into equilibrium, we shall have a^ thermal units evolved or 
absorbed. But if we start with Na^SO^ and H^N^O^ or with 
Na,NjO, and H^SO,, we shall get the same distribution of 
the various bodies when equilibrium is established as we had in 
the first case. Now as the thermal change which accompanies 
a, definite chemical change is independent of intermediate states 
of the changing system, it follows that the thermal value of'A 
the mutual actions of the three bodies (call them A, B, A') isM 
the same whether the actions occur simultaneously or one aftei 
the other, Hence we have the general statement 
[A, B, A] = [A, B] + [AB, A'J 
= [A', B] + [A'B, A]i 
hence [A'B, A] - [AB, A'] - [A, B] - [A', B]. 

105. Applying this statement to the special case already^ 
considered, we say that the difference between the thermal 
values of the action of H^SO^ on NajNjOs and that of 
HjNjOb on Na_,SO, (all in dilute aqueous solutions) is equal to 
the difference between the thermal values of the neutralisation J 
of Na,0,H, by H^O, and by H,N,0^ 

Now the thermal values observed by Thomsen were thes 

(1) [Na'NWAq, H'SO'AqJ^STe; [Na'8O*Aq,H'N'O''Aq]=-3,504;;j 

Difference = 4,080. 

(2) [N"a'0'H'Aq,H'SO'Aq] = 3I,378i [Na'O'H'Aq, H'NWAq] 

=27,234 ; 
Difference = 4,1 44. 
These differences vary by about 0'2 per cent, of the vahie of 
the heat of neutralisation of either acid by soda. 

106. Now consider the distribution of the reacting bodies, 
when one equivalent of nitric acid (A'), one equivalent of sul- , 
phuric acid (A), and one equivalent of soda (B), mutually react jl 
or, for the two cases are identical, when one equivalent of nitric J 
acid (A') acts on one equivalent of sodium sulphate (AB). 

The initial and probable final distribution of the i 
oipounds will be represented by the equation 
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(B + A + A') 
or 

(AB + A') 



> = 

(aA'B + xA+ (1 - a:) AB + (1 - x)A'). 



But it is possible that some of the products of this change 
may mutually react ; therefore, in order to determine the total 
thermal value of the above operation, it will be necessary to 
determine the following partial values : — 

(a) decomposition of x equivalents of Na^SO^ (-^^) J 
(6) formation of x equivalents of Na^N^Og (A'B) ; 

(c) reaction of x equivalents of H^SO^ (A) on (l-x) equivalents 
of Na^SO, ( AB) ; 

(d) reaction of (l—x) equivalents of H^N^Og (A') on x equi- 
valents of Na^N^O, (A'B) ; 

(e) reaction of x equivalents of H^SO^ (A) on (l-a) equivalents 
of H.N,0. (A'). 

This analysis of the total thermal change may be expressed 
in an equation thus 

[Na'SO'Aq, H^'O^Aq] 

= X [H'N«0«Aq, Na^O'H^Aq] - x [H^SO^Aq, Na'0»H*Aq] + [(I-o;) 
Na-SO*Aq,a;H^SO*Aq]+[a;Na''N*0«Aq,(l - a;)H'NWAq] + [(l-a;) 
H^NWAq, ojH^SO'Aq]; 

or generally 

[AB, A'] = a: ( [A', B] - [A, B] ) + [ (1 ^ a;) AB, xA] + [ajA'B, (l-x) A'] 

+ [(l-a:)A>A]. 

Thomson has determined the values of the various parts of this 
thermal change^ : the following are his results : — 

I. [H»N«0«Aq, Na»0«H«Aq] = 27, 234. 

II. [ffSO*Aq, Na^O'H^Aq] = 31,378. 

III. To find the value of [(1 -aj)Na*SO*Aq, aH^SO^Aq] we 
have these data 

[Na»SO*Aq, nH^SO*Aq] 

n observed calculated by formula (see p. 93). 

i - 792 - 786 

I -1,262 -1,270 

1 -1,870 -1,834 

2 -2,352 -2,356 
4 -2,682. -2,750. 

' Loc! cit. 1. 99—110. 

/ 
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The approximate formula by which the numbers in column 
2 were calculated is 

[Na«SO*Aq,nH»SO*Aq] = - -^^^ 3,300. 

lY. [H^'O'Aq, icNa'N'O'Aq] = - 78. 

The number — 78 is so small that this part of the change may- 
be neglected. The value of the last part (e, p. 92) is also very- 
small, and may safely be neglected in the final calculation. 

In addition to these data, Thomson gives the following 
measurements of the total thermal reaction under considera- 
tion : — 

n [Na'SO^Aq, TiffN^O^Aq] 

^ - 904 

i -1,616 

I - 2,584 

1 -3,504 

2 - 4,052 

3 -4,100. 

Hence [Na'SO^Aq, H^N'O^Aq] = - 3,504. 

107. If we now turn back to the equation on p. 92, omit 
those parts which have very small thermal values, and slightly 
alter the form of the equation for convenience sake, we shall 
have 

[Na*SO*Aq, H*N*0«Aq] 

= a;([H*N^O«Aq, Na»0*H*Aq]- [H^SO'Aq, Na'O'H'Aq]) 

+ (1 - a;)rNa^SO*Aq, j^ H^SO^Aql 

= -3,504. 
Substituting the observed values we have 
[Na^SO^Aq, H'N^O^Aq] 

= a; X - 4,144 + (1 - a?) ["Na'SO'Aq, ^ ff SO*Aql 

= - 3,504. 

If X is taken as equal to |, the equation becomes 

[Na*SO*Aq, H«N'0«Aq] = | x - 4,144 + ^ [Na*SO*Aq, 2H^S0*Aq] 

= 1 X - 4,144 + (I X- 2,352) 
= -3,546. 

The difference between the observed value (— 3,504) and the 
calculated value (—3,546) does not amount to more than 1*5 
per thousand of the heat of neutralisation of either acid. 
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The thermal value of the reverse actioD, that namely 
between equivalent quantities of sulphuric a^id and sodium 
nitrate, may be calculated by the equation 
[Na'N'O'Aq, H'SO*Aq] 

= (l-a:)4,U-l + (l-a:) TNa'SO'Aq, .-*- H'SO'Aql. 
Putting X as before equal to f, we get 
= i«i,144 + (J, x-2,3.'i2) 
= 597. 
The observed value of the reaction was 576 ; the difference 
between the observed and calcidated values amounts to '7 per 
thousand of the heat of neutralisation of either acid. 

108. Thomsen draws the following conclusions from the 
results of this investigation : — 

(i) When equivalent quantities of soda, nitric acid, and 
sulphuric acid mutually react in a dilute aqueous solution, two- 
thirds of the soda combines with the nitric acid, and one-third 
with the sulphuric acid. 

(ii) The striving of the nitric acid to saturate itself with the 
base {das Bestreben sich mit der Basis zu sdttigen) is twice as 
great as that of the sulphuric acid. Nitric acid in aqueous 
solution is therefore a ' stronger ' acid than sulphiiric. 

The striving of the acids towards neutralisation Thomsen 
calls the avidity of the acida. We shall see I think that it is 
better to employ the well-known term affinity, Thomsen's 
word avidity has the same meaning as is assigned to the term 
affinity in the only working theory of affinity which has yet 
been suggested. 

109. Applying the method sketched above to the study of 
the mutual action of hydrochloric and sulphuric arids on soda, 
Thomsen gets the following results : — 

[Ka'SO'Aq, H'CFAq] 

= 3;([H'Cl'Aq. Na=0'H'A(i]-[H''SO'Aq. Na'O'H'Aq]) 



^- (1 - ^■}rNa'SO'Aq, ^H'SO'Aql 
[Nii'O'H'Aq, H'Cl'Aq] = 27,480. 
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Hence, putting a? = §, the value of the reaction in question 

= I X - 3,898 + (J X - 2,352) 
= - 3,382. 

The observed value - 3,364 differs from the calculated by less 
than 1 per thousand of the heat of neutralisation of either acid. 

The value of the reverse action may be calculated from the 
equation 

[Na'Cl*Aq, H^SO'Aq] = {l-x) 3,898 + (1 - a:) - 2,352. 

And putting a? = |, we get 

• =^ X 3,898 + (^x- 2,352) 
= 515. 
Observed value = 488. 

Hence the avidity (affinity) of hydrochloric acid for soda is 
equal to that of nitric acid for the same base, and is twice as 
great as that of sulphuric acid\ 

110. The following table summarises Thomson's results 
regarding the relative affinities of the acids examined by him. 

Relative affinities' {avidities) of acids for soda. 

Acid. Acid, 

Nitric H^N^O, 100 Oxalic H,C O, 24 

Hydrochloric HCl, 100 ^Orthophosphoric fH.PO, 13 

Hydrobromic H^Br, 89 Monochloracetic 2(CH,C1 . CO^H) 9 

Hydriodic HJ 79 Hydrofluoric . H,F, 5 

Sulphuric H_SO, 49 Tartaric H.C.Hp^ 5 

Selenic H.SeO, 45 Citric ^^e^s^? ^ 

Trichloracetic 2(CCl3 . 00,H) 36 Acetic 2H^C,0, 3 



Section IV. Classification of elements and compounds, 

111. The existence of a definite periodic connection 
between the heats of combination of various elements with 
chlorine, bromine, and iodine, and the atomic weights of these 

1 Thomsen, loc, eit, 1. 115. 

^ See farther, post^ Chap. v. pars. 225 — 231. 

' Taken from a table in Meyer*s Die Modemen Theorien der Chemie^ p. 489 
(4th Ed). The number given by Thomsen {loc, ciu 1. 308) is calculated for 
HjP04, a quantity of the acid which is not equivalent to H^SO^. 
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elements, appears to have been first pointed out by Camelley^ 
Laurie' again drew attention to the subject and exhibited the 
connection in question in a more striking manner by means of 
a curve. 

The following graphic representation, shewing that the heat 
of combination with chlorine of about thirty elements varies 
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periodically with the variation of the atomic weights of these 
elements, is based on data taken from Thomson's Untersuchungen. 
The quantities of heat evolved in the reaction [K, CI] are 
stated in kilogram-units, calculated in each case for the 
combination of one equivalent of chlorine in grams. The 
numbers are not in every case quite comparable, but the 
general character of the connection in question is beyond 
dispute. A broken line indicates want of data. 

112. The relations existing between the members of a group 
of elements are sometimes summarised in the thermal values 
of comparable reactions undergone by these elements. Thus 
taking Group II, according to the arrangement of the elements 
by help of the periodic law^, we have 

Series. 



Group II. 


4 


6 


8 


3 


5 


7 


9 


11 




Ca 


Sr 


Ba 


Mg 


Zn 


Cd 


— 


Hg 


atomic weights 


40 


87 


137 


24 


65 


112 


— 


200. 



1 Proc. R, S. 29. 190. ^ Phil. Mag. (5). 15. 42. 

3 The student is supposed to be acquainted with the teachings of this law. 
The subject is folly discussed in my Principles of Chemistry, Chap. iii. 
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Then tabulating the thermal values of some analogous 
reactions we have this result : — 

[M,Cl»,Aq] [M,Br»,Aq] [M, P, Aq] 



Ca 


187,600 


165,80Q 


135,300 


Sr 


195,700 


173,800 


143,400 


Ba 


196,300 


174,400 


144,000 


Mg 


186,900 


165,000 


134,600 


Zn 


112,800 


90,900 


60,500 


Cd 


96,300 


74,400 


44,000 



Hg 59,900 ? 

These data shew that the thermal value of the change 
[M, X*, Aq] increases as the atomic weight of M increases, when 
M is a metal of an even series belonging to Group II; but 
decreases as the atomic weight of M increases, when M is a 
metal belonging to an odd series of the same group. 

The difference between the values of [M, X', Aq] for each 
pair of metals is nearly constant. 

Thus, 

X = C1 X = Br X = I 

Ba-Sr = 600 600 600 

Sr-Ca = 8,100 8,000 8,100 

Ca-Mg= 700 800 700 



Mg*-Zn= 74,100 74,100 74,100 
Zn-Cd = 16,500 16,500 16,500 

Cd-Hg= 36,400 ] 1 

113, The relations^ existing between change of atomic 
weight and change of the thermal values of analogous chemical 
operations are well exhibited by comparing reactions of the four 
metals, magnesium, calcium, strontium, and barium. 

The following data are taken from Thomsen*s book* : — 

M [MO, H'O] [MO''H», Aq] [MOP, 6W0] [MBr^ 6H»0] 

Mg 3,000(1) 32,970 

Ca 15,540 2,790 21,750 25,600 

Sr 17,700 11,640 18,640 23,330 

Ba 22,260 12,260 7,000 9,110 

[BaCl',2H»0] [BaBr^2H*0] 



1 Thomsen, loc, cit, 3. 555—563. 
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[MN V, Aq] [M, Xn [M, 0^ SO'] [M, O, WiYAq] 

X = C1 X = Br 

Mg - 151,010 - 231,230 176,480 

Ca 3,950 169,820 140,850 247,290 177,160 

Sr -4,620 184,550 157,700 259.820 185,410 

Ba -9,400 194,740 169,960 *266,990(?) *187,020(?) 

[M, O] [M, O, ffO] 

Mg 146,000 148,960 

Ca 130,930 146,470 

Sr 128,440 146,140 

Ba *124,240(]) *146,500(?) 

These numbers, taken along with a few others given by 
Thomsen {loc. dt), shew that as the atomic weight of the metal 
increases, in similar compounds of Mg Ca Sr and Ba, there 
increases also ; — 

(i) The quantity of heat evolved in the production of 
MOHgO from MO ; and in the production of MCl^ and MBr, 
from metal and halogen. 

(ii) The solubility of the hydrated oxides in water, and 
the value of the heat of solution of these compounds. 

(iii) The heats of formation (from metal, oxygen, and 
acid radicle) of the nitrates and sulphates. 

The data also shew that increase in the value of the atomic 
weight of the metal is accompanied by decrease of; — 

(i) The value of the heat of formation of MO from metal 
and oxygen. 

(ii) The value of the heat of hydration of the chlorides, 
bromides, and nitrates. 

(iii) The solubility of the same salts in water. 
The values of the heats of formation of the hydrated oxides, 
from metal, oxygen, and water ([M, O, ffO]) seem to be nearly 
independent of the atomic weight of the metal. 

If data similar to the above are tabulated for the alkali 
metals, it is seen that the generalisation stated for the alkaline 
earths holds good for the alkali metals also \ 

* The numbers marked thus are doubtful because the barium used was not 
free from impurities. 

^ See Thomsen loc. cit. 3. 564 — 5. 
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• 

114. In comparing the losses or gains of energy, as 
measured by thermal methods, which accompany transformations 
of matter, we frequently find much diflSculty in selecting 
chemically comparable operations. Suppose we wish to com- 
pare the heats of formation of the oxides of phosphorus and nitro- 
gen ; we are presented with the following data (Thomson) : — 

Phosphorus. Nitrogen. 

[P^ O, Aq] = 74,520 [N«, O, H^O] - - 30,920 

|-PV^J = 83,353 [^^^^] = - 2,273 

[?!4^] = 81,100 P'' %' ^q] = 5,964 

Each number represents the thermal value of the combina- 
tion of 16 grams of oxygen with phosphorus or with nitrogen. 
Which values are really comparable ? Suppose we are desirous 
to compare the heat of oxidation of bismuth with the heats of 
oxidation of phosphorus and nitrogen ; we have the number : 



P''Q;^«'Q]= 45,913. 



We can scarcely compare this with 

p^ o^ 3H» o 



c 



= 83,440. 



3 

Bismuthous oxide is insoluble, phosphorous oxide is very 
soluble, in water. 

It may be said that the heats of formation of the highest 
oxides should always be selected for comparison. If this rule be 
adopted what shall we say to the following numbers ? 

[Mn,0,H»0] = 94,770, but T^^L^i^l =58,165; 
[Sn, O, ffO] = 68,090, and r?f^-5!21 = 67,750 ; 

[C, O] = 29,000, but r^'^^' -48,480; 

[Hg», O] = 42,200, but [Hg, O] - 30,670. 
One oxide is sometimes a solid, another is li(\uid oy ^^^^<^n\^, 

n— "L 
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under the given experimental conditions : or the element to be 
oxidised ia itself a solid and the products are liquids or gaees. 
Even if we seek to compare heats of formation in dilute 
aqueous solutions, we find that the numbers are not always 
strictly comparable ; in one case the water exerts little or no 
chemical action on the oxide, in another case the chemical 
action of the water ia more marked than the physical action. 

115. In attempting to apply thermal methods to the 
classification of the elements it is probably best to compare the 
thermal values of operations, e.g. the action on water or on an 
acid, wherein various elements act in a similar manner. In some 
cases it is expedient to compare diEFerences between the heata 
of formation of two series of compounds. 

Let us look at some examples of both methods. 

116. Let us compare the differences between the heats of 
formation of corresponding oxides and chlorides of various 
metals and non-metals'. 



M 


[M,C1']-[M,01 


H 


[M,C1*]-[M,0,H'0] 


M 


[M=,C1«]-[1F,0».3H«0] 


K 


_ 


K, 


73,240 


Au 


19,610 


Nft 


9fi,G20 


Na 


60,000 


H'p 


310 


Tl. 


54,930 
52,860 


Tl. 
Ba 


51,690 
48,240 


Al 


- 22,320 


ak„ 






ilR, 


40,350 


Hr 


38,410 






(Ji, 


24,910 


iU 


23,450 


Hi 


43,520 


Ha 


70,500 


Mfr 


3,050 


Sh 


15,360 


Ur 


66,110 


m1> 


17,220 


As 


-11,910 


V.a 


38,9!)0 


Zti 


14,530 


H 


-99,720 


Ph 


32,470 


Ka 


13,770 






Hff 


32,490 


Ho 


13,690 






On 


14,470 


Si 
Cn 
Cd 
Sn 


13,080 
14,110 
27,560 
12,700 







M 


[M.C1*]-[M,0* 2H>0] 


U 


won 


-[M,0=.H 


Oi 


Sn 


- 6,240 


Tn 




200 




Ti 


~ 38,330 


Se 


_ 


10,920 




Si 


- 48,720 













- T4,610 











L 3. 531—533. 
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[M', CI"] - [W, 0', 3Hi^0] 



- 19,040 
-190,140 



"When chemically aualogous compounds are compared, it 
1 that the difference between the heat of formation of 
the chloride and that of the corresponding hydroxide is smaller, 
the smaller the atomic weight of the positive element." 
(Thomaen.) 

The difference in question ia seen to have a positive value 
in the cases of metals, with the exception of titanium, aluminium, 
and tin in its highest compounds ; and to have a negative 
value in the cases of non-metals, with the exception of bismuth, 
antimony in its lowest compounds, and tellurium. Now alu- 
minium hydroxide exhibits feebly acid properties, and the 
higher hydroxides of titanium and tin form fairly mai'ked 
metallic derivatives ; on the other hand the reactions of the 
salts of bismuth shew that this element is rather to be classed 
with the metals than with the non-metals; antimony stands 
midway between metals and non-metals, and in some of its 
reactions tellurium shews analogies with metals. 

117. Now let us examine the thermal phenomena pre- 
sented by the action of various elements on water, and on some 
acids, with the view of classifying these elements'. 

The products of the decomposition of water by metals are 
in many cases an aqueous solution of the hydroxide of the 
metal, and hydrogen ; e.g. 
^H Na, + ^H,0 = 2NaOHA(i + {x-2) Hfi + H,. 

^^^K^Sliis reaction would be represented in thermal formulie as 
^F [Na', Aq] = - 2 [H", O] + [Na', 0', H", Aq]. 

If K = Lij, Na,, Kj &c. or Ca, Ba, Sr &c. the general thermal 
equation representing the mutual action of these metaia and 
T will he 

[R, Aq] = - 2 [H*, 0] + [R, O', H', Aq]. 
Now the value of 2 [H', 0] is 136,720 when H,0 represents 
liquid water. 

1 Thomsen, foe, cit. 3. 542—549. 
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The following are the values given by Thomsen for the 
reaction [R, 0', H», Aq]^ 

R [R, 0», H», Aq] 

Li, 234,880 

Na^ 223,620 

K, 232,920 

Tl, 107,520 

Ca 217,620 

Sr 226,140 

Ba 227,120. 

In some cases the products of the mutual action of metal 
and water are metallic oxide and water, e.g. 

Fe^ + xB.fi = Fe^O^ + 8H + (a; - 4)H,0. 

This reaction would be represented thermally as 
[Fe», Aq] = - 4 [H^ O] + [Fe», O*]. 

If we wish to compare the action of various metals on water 
from the thermal point of view we ought to tabulate the thermal 
values of the reactions which actually occur. Unfortunately 
the data are not sufficient. But let us assume that the 
products of the action of water and various metals are ROH^O 
and Hg ; then we may express these actions thermally by the 
general formula 

[R, 2H«0] = - [H«, O] + [R, O, H'O]. 

If the value of [R, 0, H'6] is considerably greater than the 
value of [H*, O] we may conclude that the metal R will 
probably decompose liquid water. Thomsen gives these data': — 



R 


R, 0, H*0] 


R 


R, 0, ffo; 


Mg 


148,960 


Co 


63,400 


Mn 


94,770 


Ni 


60,840 


Zn 


82,680 


Cu 


37,520 


Sn 


68,090 


Pd 


22,710 


Fe 


68,280 


Pt 


17,880. 


Cd 


65,680 







Now as [H^ 0] = 68,360, it follows that magnesium, man- 
ganese, and zinc will probably decompose liquid water without 
the addition of heat, whereas we should expect tin and iron to 
decompose hot, but not cold, water. If H^O represent gaseous 
water then [W, O] = 58,000 ; hence, following the foregoing 

^ Loc. cit. 3. 513. ^ Loc, cit, 3. 513. 
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line of ailment, it is likely that steam will be decomposed by 
cadmium, cobalt, and nickel in addition to the metals already 
enumerated. Tbe metals in the first table on p. 102, except 
thallium, ought to decompose cold water with evolution of much 
heat; thtillium we should expect would not decompose water even 
in the form of steam, 

118. There are two objections to the use of this kind of 
argument. 

In the first place, the reactions for which thermal values are 
assigned are in many cases not those reactions which actually 
occur. In order to classify a given metal as one which would or 
would not decompose water under specified conditions, we must 
haye more information than purely thermal data can give us : we 
must know the general chemical analogies of the given metal; we 
must know the thermal values of the action on water of the analo- 
gues of this metal; and we must know thequantities of heat evolved 
or absorbed during various reactiona any of which may possibly 
occur during the mutual action of the given metal and water. 

In the second place, even if the given thermal data really 
represent the values of reactions which actually occur, and 
which are strictly comparable, yet these data do not take into 
account the many physical circumstances which modify the 
occurrence of the primary chemical change. If the product 
of the action of a metal on water is easily soluble in water, 
and the product of the action of another metal is insoluble 
or only slightly sohible, the mutual action between water 
and the second metal will occur much more slowly than 
that between water and the first metal, although the quantity 
of heat evolved in either reaction may he nearly the same. 
Again the state of division of the metal will largely influence the 
action in question. Thus ordinary zinc decomposes water very 
slowly, but zinc powder much more rapidly; magnesium acts very 
slowly on water, but magnesium-amalgam quickly decomposes 
water although there is a considerable evolution of heat during 
the formation of the amalgam from magnesium and mercury. 

119. If the heat of formation of a metallic oxide is only a 
little greater than that of the formation of water, the course of 
the chemical change which occurs when the gv\eu w^ft^^ tc,™;** 
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^^1 on hot water, or steam, will be largely conditioned by changes 


^^H in the relative masses of water and hydrogen. Thus iron ' 


^^H decotupoaea steam forming ferroao- ferric oxide and hydrogen. 


^^1 but this oxide is reduced by hydrogen with production of iron 


^^M and water. The direction in which this change shall proceed. 


^H at any specified temperatm-e and pressure, depends upon the 


^H relative masses of steam and hydrogen which are present. 


^H 120. In order to compare the actions of metajs on each of 


^H the three acids, hydrochloric, hydrobromic, and hydriodic, we 


^H may tabulate the differences between the heata of formation of 


^H metallic chlorides and hydrochloric acid, bromides and hydro- 


^H bromic acid, and iodides and hydriodic acid respectively. The 


^H results are presented in the following table'; — 


^H 


[B,C1']-[B^C1^J 


E 


[R,Br=]-[H=,Br=] 


B 


[B,P1-[HM"] 


^H 


167,220 


K, 


182,180 


K, 


166,295 


^B 


151,380 


Na. 


163,100 


Na, 


144,196 


^B 


U3,G20 










H 


53,160 


Tl, 


74,150 


Ti, 


66,396 


■ 


38,550 


Hg, 


59,850 


Hg. 


54,476 


^B 


21,750 


c». 


41,480 


C". 


38,556 


^m M, 


U,760 


Ag, 


36,960 


Ag. 


33,636 


■ 


-32,380 


Au; 


.^8,604 


An, 


-5,004 


^M 


150,740 


Ba 


161,520 






^M 


140,550 


8r 


149,260 






^H 


125,820 


Ca 


132,410 






^1 


107,010 










^H 


67,990 










^H 


53,210 


Zn 


67,490 


Zn 


55,266 


^B 


38,0.50 










^B 


32,480 










^B 


30,530 










^B 


7,630 


Cu 


24,140 






^B 


49,240 


Cd 


66,760 


Cd 


54,866 


^B 


38,770 


Pb 


56,010 


Pb 


45,836 


^B 


36,790 










■ 


19,160 


Hg 


42,110 


Hg 


40,346 


^B 


63,320 


JAJ, 


71,373 


^Al. 


52,963 


■ 


20,030 










■ 


-28,790 










^B |sn 


19,620 










^H Looking at these data purely from the thermal point of 


^^B view, the conclusion seems to be that every metal in the table, 


^^^k ■ Data bom Tborasen. 
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with the single exception of gold, ought to (let 
hydrochloric, hydro bromic, or hydriodic acid, with production o 
a chloride, bromide, or iodide. Silver and mercury however d 
not effect the decomposition of gaseous hydrochloric acid. 

121. The action of metals on aqueous solutions of I 
three acida under consideration is somewhat different from that 
of the same metals on the gaseous acids. The heats of formation 
of aqueous solutions of the acids are these ; — 
[H', CI', Aq]= 78,360 ; [H", Br", Aq] = 5C,752 ; [H", I', Aq] = 26,342. 
When the value of the change [R, X', Aq] is greater than 
70,000 Z, being = CI,, greater than 57,000 X, being = Br,, or 
greater than 27,000 X^ being = I„ then the metal R will 
probably decompuse a dilute aqueous solution of hydrochloric, 
Lydrobromic, or hydriodic acid. ■ 

Thomsen gives these numbers : — I 

^^ R [R, Ci', Aq] J 

^^^ ^^^H 

^^V Hg 59,860 I 

^^T Thomsen also says that [R, CI', Aq] < 79,000 when R = Pt -J 
or Pd. For the other metals enumerated in the table on p. 104 1 
the value of the reaction in question is greater than 70,000. 1 
Now thallium, lead, copper, mercury, gold, platinum, and I 
palladium do not decompose a dilute aqueous solution of 1 
hydrochloric acid. But [H', CI', xHfi] becomes less the smallef I 
the value of a; ; in other words, a concentrated aqueous solution I 
of hydi'ochloric acid contains more energy than a dilute solution I 
of the same acid. For the most concentrated solutions, I 
[H', CI*, Aq] is approximately equal to 69,000 ; such a solution J 
is decomposed by lead. I 

The quantities of heat evolved when the alkali or alkaline I 
earth metals, magnesium, manganese, zinc, iron, nickel, cohalt, I 
or copper, react on dilute aqueous hydrobromic or hydriodic acid, I 
are the same as when these metals react on dilute hydrochloric I 
acid, ThS metals in question readily decompose dilute aqueous I 
solutions of hydrobromic or hydriodic acids. I 
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The difference [R, A"', Aq]-[H", A'', Aq] is greater when 
A', = Bfj timn when A', = CI,, aud is again greater when 
A, = I, than when A; = Er,. provided R ia Tl„ Pb, Cu, Hg, or 
Cd. Afl regarda the action of metala on the three acids in 
question in aqueous solution, cadmium ia to be clasaed with the 
heavy metala lead, mercury, copper, and thallium. 

Thomaen gives the following numbers aa representing the 
quantities of heat evolved, per 2 grams of hydrogen formed, by 
the action of certain metala on dilute aqueous solutions of any of 
the three acids hydrochloric, hydrobromic, or bydriodic : — 
% - 108,300 ; Al = 70.920 ; Mn = 49,370 ; Zn = 34,210 ; 
Fe = 21,320; Co = 16,190; Ni = 15,070; Sn = 2,510. 

These numbers fairly represent the relative intensities of 
the action of the metals enumerated. 

122. The thermal data concerning the action of metals on 
sulphuric and nitric acids may be treated in a manner simitar to 
that adopted in the preceding paragraphs. The general result 
of such an investigation, so far as the classification of metala ia 
concerned, may be stated thus' : — 

Thallium, cadmium, mercury, nickel, cobalt, iron, manganese, 
and zinc should probably decompose dilute sulphuric acid with 
evolution of hydrogen ; the action in the case of thallium being 
very slow. 

Silver and copper should probably not decompose the dilute 
acid. 

Any metal which decomposes a dilute aqueous solution of 
sulphuric acid with evolution of hydrogen will probably decom- 
pose a concentrated solution of the same acid, at certain conditions 
of temperature, with production of sulphur dioxide and sulphu- 
retted hydrogen. 

The nature of the action of copper, mercury, and silver on 
nitric acid is probably different from that of the action of other 
heavy metals ag., zinc, ma^esium, cobalt, iron,nick el, manganese, 
and cadmium. The gaseous products of the action of copper, 
mercury, and silver ai'e probably to be regarded as the results of 
direct deoxidation of the acid by the metal; the gaseous products 

' PorcletailH8BeThomBen?Of. ei(. 3. 647— 519; or my rniieiiihs I'f CkcmUtry 
. 270—273. See also NuumBiui'B ThermoeheniU 477— 4S2. 
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of the action of zinc, iron, cobalt, &c., are probably, for the most 
part, the results of secondary changes occurring between the 
acid and hydrogen produced in contact with the acid by the 
primary action of the metals in question. 

123. If one might venture to found a broad generalisation on 
the thermal data regarding the action of acids on the heavy 
metals, one might say that mercury and copper are very 
distinctly cut off from the other metals, and that lead and 
thallium shew closer analogies with mercury and copper than 
with the other metals which have been considered. 

124. The application of thermal data to the classification of 
compounds has been fairly well illustrated by the considerations 
put forward in pars. 77 — 101 concerning the neutralisation of 
acids and bases. 

A knowledge of many thermal data is certainly helpful to one 
who wishes to classify elements and compounds ; but a satisfac- 
tory classification cannot be based on such data only. We wish 
to connect changes of energy with changes of chemical configu- 
ration. We are still for the most part obliged to interpret the 
latter changes apart from any precise theory of their mechanism. 
If we use the terms molecule and molecular actions in speaking 
of chemical changes in solids and liquids, we employ these terms 
in a wider and less precise sense than when we apply them to 
gases and gaseous phenomena. 

The data given in Appendices i, iii, and v present most of the 
material available for the thermochemical classification of elements 
and compounds. 



CHAPTER IV. 



APPLICATIONS OF THERMAL METHODS TO THE STCDT 
(}\r PHENOMENA PAKTLY CHEMICAL AND PARTLY PHYSICAL. 



125. The pheaoraena hitherto considered have all presented 
physical as well as chemical aspects, but the point of view from 
wliich tlioy have been regarded has been as far as possible 
chemical. We come now to the consideration of certain groups 
of phenomena which must be studied from the physical stand- 
point if we wish to grasp their meaning as chemical occur- 
fL-iices. 



>Section I. Melting, Boiling, 

126. When energy in the form of heat is added to a piece of 
cold ice, the temperat,ure of the ice increases up to a certain point 
at which the ice is changed into water. But, provided the heat be 
aiMed slowly and the pressure remain constant, the temperature 
of tho water remains the same as that of the ice until the whole of 
the ico is melted. Tho temperature at which this change occurs 
is called the melting point of ice. Every solid has a definite 
melting point. 

127. If, after ice has been melted, heat is continuously added 
to tho water which has been produced, the volume of this water 
incroaaes and its temperature rises until a temperature is 
rcRchod whereat the water is rapidly changed into steam. If 
tho pressure remains constant, and the heat is slowly added to 
the water, tho temperature of the steam remains the same as 
that of the water until the whole of the water has been 
converted into steam. Water becomes water-vapour at any 
ffiiipcraturc and pressure; but for any pressure there is a fixed 



SECT. L S 128.] 



MELTING AND BOILING, 
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temperature, called the boiling point, at which this change 
proceeds rapidly. If a little water is placed in an exhausted 
receiver the water quickly evaporates, until the pressure of the 
vapour in the receiver reaches a certain definite amount, when 
the evaporation ceases. If now the temperature of the water 
and vapour is increased, more water becomes vapour, and there- 
fore the pressure of the vapour on the free surface of the water 
increases. If the temperature is lowered, some of the vapour 
becomes water, and the pressure of the vapour on the free surface 
of the water ia decreased. 

For every temperature, then, there is a definite amount of 
pressure exerted by the vapour of the water ; this is called the 
vapour-pressure' for that temperature. 

At each temperature, pressure being constant, there is equi- 
librium between the water and the vapour of water above it, 
Wben such equilibrium exists the vapour is said to be saturated. 

The boiling point of water (or of any liquid) is the tempera- 
ture of the saturated vapour of the water (or of the liquid) when 
its pressure is equal to the pressure on the free surface of the 
water (or liquid). 

128, When beat is added to steam the volume of the steam 
is increased, and its temperature rises, until a temperature is 
reached at which chemical change begins, change, viz., of water- 
gas into the two elementary gases hydrogen and oxygen. If 
heat ia continuously added, the temperature continues to rise, 
and the chemical change proceeds more and more rapidly, until 
about half of the total mass of water-gas is chemically changed, 
after which the process of change proceeds more slowly, tempe- 
rature still increasing, until the whole of the water-gas has been 
changed into oxygen and hydrogen. 

Tho temperature at which this change begins in the case of 
water-gas is very high, but a similar change can be effected in 
many other compound gases at much lower temperatures. Thus, 
gaseous amylic bromide begins to separate into its constituents, 
amylene and hydrobromic acid, at a temperature of 1G5°. 

The change brought about by the action of beat on water-gas 

igh temperatures, or on amylic bromide at lower tempera- 
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turea, is called dissociation. The foregoing sketch indicates 
that there is a more or less weli-marked connection between the 
phenomena of evaporation and dissociation. This connection 
will be discussed later on. (See pars. 136. and 145 — 152.) 

129. Meltiitij. In order to change a given mass of a solid 
at a specified temperature into the .same mass of liquid at the 
aame temperature, pressure being constant throughout the 
change', a definite quantity of heat must be added to the body. 
This quantity of heat is called the /leat of liquefaction, or keai of 
fusion, or latent heat, of the solid'. 

The value of the lieat of liquefaction of a body may be 
determined by bringing equal masses of the body, at definite 
temperatures, one above and one below the melting point, into a 
calorimeter containing a definite amount of some liquid which 
dissolves the given solid, and measuring the quantities of heat 
produced during each process of solution. As in each case the 
final state of tlie system is the same, and as the only difference 
between the initial states is that one system is solid and the 
other liquid, the difference between the quantities of heat 
produced (or absorbed) in the process measures the quantity of 
heat which must he added to the initial solid system to cause it 
to pass into the initial liquid system. 

The following data will serve as examples of the application 
of this method : — 

Hydrated salpharic acid. Heat o! solution in water. 

Bdid [H'SO'H'O, 400H'O]= 7,120; 

vi^Med [H'SO'H'O, 400H'O] = 10,800 ; 

. *. heat of liquefaction of solid H^SO^H^^O = — 3,C80 grara-unita. 

Hydrated sodium cliromate. Heat of Bolution in water. 

solid [Na'CrO'lOH'O, Aq] = - 15,800 ; 

mell^d [Na'CrO'lOH'O, Aq]= - 3,490; 

hence, heat of liquefaction of Na,CrO,10H,O = - 12,310 units. 

130. The beat of liquefaction of a solid compound repre- 
sents the number of gram-units of heat lequired to convert the 
mass of the solid expressed by its chemical formula, taken iu 

1 The Enbject of the cannection between change of presBure and change nf 
melting point doea not come within the province of this book. We may regard 
the melting point o£ a solid as independent of moderate clianges of prenam'B. 

' The term heat of liquefaclimi is here used fts eicludiiip heat of solution. 
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in grams, into the same mass of liquid, without change of 
temperature or chemical composition. Very generally however, 
in such calorimetrical determinations as those just stated, the 
heat of solution of the solid compound is determined at the 
ordinary temperature (15 — 20°) ; in these cases the value 
given for the heat of liquefaction really represents the quantity 
of heat required to raise the specified mass of the solid from 
the stated temperature to the melting point, in addition to the 
quantity of heat required to melt the solid. 

131. When a hydrated salt is melted, quickly cooled, and 
at once dissolved in water, the heat of solution is, as a rule, less 
than the number observed by dissolving the solid in water 
without previous melting and re-solidification. If the melted 
solid is cooled slowly, the heat of solution is usually unchanged 
by the process which the body has undergone. It is probable 
that the process of melting lessens the mutual attractions 
between the particles of the solid, and if the body is dissolved 
before these particles have settled down again into their 
original configurations less work is required to effect solution 
than is needed when the original state of the solid has been 
completely restored \ 

132. OstwahP has attempted to measure the amount of 
chemical change which occurs when two solid salts are fused 
together, by determining the heats of solution of the individual 
salts, and of the mixed salts, before and after fusion. Inasmuch 
as Ostwald observed that a change in the heat of solution 
sometimes accompanied fusion, when no chemical action between 
the salts, of the nature of double decomposition, was possible*, — 
e.g. K2CO3 and NagCOg, or NagCOg and Na2S04, — he insists on 
the necessity of arranging the experimental conditions so that 
change of heat of solution must be due to the occurrence of 
chemical action between the salts. If one of the two salts used 
is insoluble this condition is realised, inasmuch as the heat of 
solution of this salt remains equal to zero throughout the 
experiment. 

1 See NieoL Phil. Mag. (5) IB. 95. 

2 J,fUrpraht. Chemic. (2) 25. 1. 

3 In such cases Ostwald supposes that double salts axe"^To^u(i^^\r5 'Cfta^xxivwv. 
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The following numbers will illustrate tlie method : — 
(a) 1'83S grama of a mixture, in eijuivalent quaDtitiea, of 
BaSO, and K.CO,. 

(i) Heat of solution beforefusion= 6,260 nnita +, 
(ii) „ „ after „ =5,210 „ -. 

(?i) 1-835 grama of a mixturOj in equivalent quantitien, of 
BaCO, and K,SO.. 

(i) Heat of solution before fusion = 6,460 units — , 
(ii) „ „ after „ =5,460 „ -. 

Inasmucli as the heat of solution after fusion is in eaj:h case 
practically the same, it follows, according to Ostwald, that the 
composition after fusion is the same, whether the original 
mixture consist of BaSO^ and KjCO,, or of KiSOj and BaCOj. 

Now the complete decomposition of the barium sulphate 
into barium carbonate would have changed the heat of solution 
from 6,2C0 + to 6,460 — ,ie. would have been accompanied by a 
decrease of 12,720 units. But the actual change was from 
6,260 + to 5 210 — , i.e. there was an observed decrease of 
11,470 units. Hence, Ostwald concludes, the chemical change 

spread throughout ^a ' -jaf, = 90 2, per cent, of the total mass'. 

133. The melting points of many solids have been deter- 
mined by direct thermometric observations independently of 
the method based on measurements of the heats of fusion and 
solution'. 

134. A few generalisations have been ventured on respecting 
the connections which undoubtedly exist between the melting 
points and the chemical composition of bodies. These gene- 
ralisations are wide and somewhat vague; they must he 
employed with much caution. 

The principal generalisations are two : — 

I. In a homologous series of carbon compounds, those 
compounds which have an even number of carbon atoms in 
their molecides melt at a higher temperature than the neigh- 

' Fot more details see Oatwald, loe. cil. 

> Bee eapeeially Camellej. C. S. Journal, 14. 483 ; 16. 365 ; Traiu. for 1878, 
273 i Trans, for 1880, 125, See also tor collected data Carncllej'B Tables of Melting 
and Boilivg Fointt (1885). 
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bouring compounds with an odd number of carbon atoms 
in their molecules. 

II. Of any number of isomeric carbon compounds, that one 
in the molecule of which the atoms are ' most symmetrically 
and compactly ' arranged has the highest melting point. 

The following formulae and melting points serve to illustrate 
the second generalisation ; everything of course depends on the 
meaning attached to the phrase * symmetrically and compactlj 
arranged V 



Structural formula. 



CH,(CH,),CH, 
0H(0H3),CH.CH, 



Compound, 

(1) normal pentane 

(2) iso-pentane 

(3) tetramethyl-methane 

(1) normal octane CH3(0H^)^CH3 
03H,3 ^ (2) iso-octane CH (0H3)3 (CH,). CH (CH3), 

(3) hexmethyl-ethane 0^{GB.X 

Melting points of diderivatives of benzene OgH^ XX. 



I 



Melting 
point. 

liquid, 
liquid. 
—20^ 

liquid, 
liquid. 
96-97^ 



X 



X 

1 : 4 



X 



\y 



1 : 3 



X 



1 : 2 



Melting points. (C.) 
63" Uq.at-lSVliq.'at-li" 



Formula. 

C,H^.C1.C1 

C,H^. Br. Br 

C,H,.OH.CO.H 

C,H^.C1.I 

C.H,.N0..C1 

C,H,.NO..Br 

C.H,.NO..NH, 

C.H,.CH3.0H3 



135. Boiling. The boiling point of a liquid, as we have 
already learned, is that temperature at which the pressure of 
the saturated vapour of the liquid is equal to the pressure on 

1 See for data and more details, Carnelley, Phil, Mag, (5) 13. 110. 
M. T. C. 8 
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-28 • 


-1 


210 


200 


156 


56 




liq. 


83 


44 


32 
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56 
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146 


110 


71 


15 
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the free surface of the liquid. As this temperature necessarily 
depends on the pressure, the statement of the boiling point of a 
liquid must be accompanied by a statement of the pressure at 
which this temperature is determined. If no special pressure 
is specified, the normal pressure, viz. 760 mm. of mercury, is 
understood. 

In order to change a given mass of liquid at a specified 
temperature into the same mass of vapour at the same tem- 
perature, a definite quantity of energy in the form of heat must 
be imparted to the liquid. This quantity of heat is called the 
heat of vaporisation of the liquid, or sometimes the latent heat 
of tiie vapour. 

Inasmuch as a liquid is vapourised to some extent at all 
temperatures, it follows that the heat of vaporisation of a liquid 
varies according to the temperature at which the change from 
liquid to vapour occurs. Thus, to convert 1 gram of water at 100° 
into 1 gram of saturated steam at 100", 53G'5 gram-units of heat 
must be added to the water; but to convert the same mass of water 
at 0° into the same mass of water-vapour saturated at 0", it is 
f to add 606'5 gram-units of heat to the water'. 



136. When heat-energy is added to a liquid, and the liquid 
ia thereby changed into vapour, we koow that the energy is not 
present in the vapour in the form of heat. But we also know 
that the energy may be regained in the form of heat by 
causing the vapour to pass again into the state of liquid. 
What becomes of the energy meanwhile, or in what form it 
exists in the vapour, we do not know. But the molecular 
theory of matter supplies us with the outlines of a feasible 
hypothesis. 

This theory regards the molecules of a gas as being in 
continual motion. Although a value is ascribed to the average 
velocity of all the molecules in a given volume of a gas, yet the 

* Mtithoda for detenuinrng boiling points are described iu most text books 
Du beat. For special methods and apparatus see Beithelot, iHcaniqiie CMmique, 
1. 287. Buute, Anhalen, IM. 139. L. Meyer, ibid. IftB. 803. P. T. Main, 
Cfiem. Newt, SB. 59. H- C. Jones, C. S. Journal, TranB. for 1878. 175. Carnelley 
and Williams, C. S. Journal, Trans, for 1B78- 281. Tallies oE boiling points will 
be found in the ranuuB articles on Heat Id Watts's DicthnnTy and Happlements ; 
alao, rer^ fully, in Ciunelle^'B TulUa o/ M«Uiiia and Boiling Salnli. 
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velocity of many individual molecules must very considerably 
exceed the average velocity. The small particles which build 
up any portion of a hquid are also regarded by the molecular 
theory as being iu continual motion. The average velocity of 
these particles, according to the theory in question, is consider- 
ably less than that of the molecules of a gas, but at the same 
time the velocity of some of the particles may be as great as, or 
greater than, the average velocity of the molecules of the gas 
which is produced by adding heat to the hquid. If any of these 
quickly moving particles of a liquid arrive at the surface while 
they are mo\'ing away from the liquid^ they will fly off from 
the free surface of the liquid into the outside space. Addition 
of heat to the liquid will increase the average velocity of the 
liquid particles, and hence will increase the velocity of some of 
the individual particles ; the chances that a number of particles 
should be found, at any specified time, at the surface of the 
liquid, moving in a direction away from the liquid, will also be 
increased. Hence the addition of heat-energy will increase the 
rate at which the liquid passes into the state of vapour. 

On this view of the mechanism of vaporisation, part of the 
energy which is added to the liquid in the form of heat is used 
in separating the complex particles of the liquid into less complex 
particles of the vapour, and part exists in the vapour in the form 
of energy of the particles which compose that vapour. 

While this process is occurring, some of the molecules of the 
vapour will be driven against the surface of the liquid and will 
be entangled therein. Some of the vapour, that is to say, will 
be condensed. The greater the density of the vapour, the greater 
the amount of condensation that must occur in a given time. 
When the vapour is so dense that as inany molecules of vapour 
pass into the liquid as particles of liquid pass into the vapour, 
in a specified time, then the vapour is saturated. 

But, according to the molecular theory, evaporation is atill 
proceeding; only it is exactly balanced by the process of 
condensation. At the temperature at which the vapour is 
saturated, for a given pressure, the theory asserts that there is 
as much condensation of vapour as evaporation of liqtiid in a 
specified time'. 

" See CJei'i Massrell, T/icury of Htat, pp. 'i'i'i-i ^,Vl'Ca^6.^. 

*^ i 
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Moreover, as we stall learu in a subsequent chapter, there is 
a considerable amount of evidence in favour of the view that 
the particles of liquids, or at any rate of many liquids, are buUt 
up of groups of molecules, (see definition of molecule in chap. 
I. par. 27). It is possible that the particles of a chemically 
homogeneous liquid are of different degrees of complexity, 
although so many particles may be of the same degree of 
complexity that we are justified in. speaking of the liquid as a 
homogeneous whole. 

If this view ia accepted, then a portion of the beat-energy 
which is added to a liquid during the process of vaporisation 
is used in separating the more complex into less complex groups 
of molecules, and also in separating what we have called the 
paTticles of the liquid, which on this view of the subject are 
themselves groups of molecules, into the true gaseous molecules 
which compose the vapour obtained by heating the liquid. 

137. The hoiUng point of a mixture of two liquids which 
are not mutually miscible, e.g. benzene, or nitrobenzene, and 
water, is that temperature at which the sum of the pressures of 
the two vapours is equal to the pressure on the free surface of 
the liquids. Hence if such a mixture is distilled, e.g. if benzene 
is distilled in a current of steam, the ratio between the quantities 
of the two liquids in the distillate is constant, and is equal to 
the ratio of the products of the density and the pressure of each 
vapour at the boiling point'. 

138. It is found that the boiling point is not constant in 
the case of a mixture of two liquids which are miscible in all 
proportions but between which no chemical action occurs, and 
also that the composition of the vapour obtained by heating 
such a mixture of liquids varies in accordance with variations 
of temperature. Thus, when a mixture of carbon disulphide and 
benzene in varying proportions is distilled, the boiling point 
varies, and the ratio of the quantities of these two compounds 
in the distillate, at any specified temperature, is not the same 

1 8ee A. Naumanu, Ber. 10. 1421, 1819, 2014, and 3099, (see also WattB'i 
Did. 3rd Eupp. 948|. Thorpe, C. S. Jaumal, TraiiB. for 1BT9. ei'l. Pierre and 
Perehot, Compt. rend. 73. 699; 74, 224. Magnus, Fogg. Ann. 38. 488. 
MegaaaJt, Mim. de I'dcad. 36. 719. 
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as the ratio of the productiS of the density and pressure of each 
vapour at that temperature'. 

139. So far as experiments have been conducted on the 
phenomena presented by the boiling and distillation of two 
liquids mutually miscible and capable of combining chemically 
with one another, it would appear that when such a mixture ia 
diatilled the excess of one liquid which is present, over the 
quantity required to combine with the other hquid, is removed 
as vapour, and that the boiling point of the mixture rises until 
a temperature is reached whereat a compound, composed of 
both liquids, distils as a whole. The boiling point of this 
compound of course varies in accordance with the pressure on 
the surface of the mixed liquids. 

Thus when an aqueous solution of hydrochloric acid is 
distilled, at the ordinary pressure, water vapour passes off until 
a liquid containing 70*8 per cent. H^O and 20'2 per cent. HCl 
remains, which liquid then distils unchanged, the temperature 
remaining constant at 112°.* 

140. From what has been said in par. 136 we should expect 
to find a definite connection between (1) the molecular weight 
and (2) the chemical composition of liquid compounds and the 
boiling points of these compounds. 

The boiling point of the members of a series of homologous 
carbon compounds increases as the molecular weight increases, 
.ua take the aeries of normal paraffins C^Hj^^^. 



Boiling poinis of normal paraffins 
B.P. Difference. 



^^^Fsee F. D, Brown, C. S. JuHriial, TraiiB. for 1ST9. 517. 
I ' See Boaeoe and Dittmar, C. S. Journal, 13, 126: 13. 146: IB. 

Berthelot, Am. Chim. Phys. (5). i. 489. On the 
eeNiw], P/iil Mag. (B). U. 36i. 



Butane 


c,h:,o 


1° 




Pentane 


C^H„ 


, 38 


37" 


Hexane 


OaH,, 


■ ^0 


32 = 37-i 


Heptane 


C,H„ 


99 


29 = 32 - : 


Octane 


C„H,„ 


124 


25 = 29- 


Dodecane 


O.H„ 


,202 


78 = 19-5 



Hexdeoane 0„H„ 278 



118 APPLICATIONS OF THERMAL METHODS. [CHAP, IV. § 140. 

The difference between tie boiling points of two consecutive 
members of this series appears to decrease by about 4° until it 
attainstbe value 19°,after which it iipparently remams constant. 

These numbers, and many more might easily be ^ven', are 
sufficient to shew that the boiling points of the members of a 
homologous series of liquid carbon compounds do not depend 
only on the molecular weights of these compounds. The 
proportion between the numbers of carbon and hydrogen atoms 
in the normal paraffins, besides the total number of these atoms, 
appears to influence the boiling points. 

Goldstein' gives the following formula for finding the 
boiling point of any normal paraffin of the general form 
CH.(CHK').OH,. 



1 



B.P. ^b. 



/in 380 \ 



B.P. = boihng point required ; b.p. = boiling point, and n = 
number of atoms of carbon in the molecule, of the paraffin nest 
lower in the series than that the B.P. of which is required. 
Thus B.P. of 
OH,. (CH,),.CH^ = 39"-0 ; required the B.P. of OB^^.{GB.J^. CH,. 
aP. required =. 39 + (id + ~'\ 

= 39 + 19+12'66 
= 70°-66. B.P. observed = 70°-6. 
The same formula appears to hold good for finding the B.P. 
of any iso-paraffin of the series CH(CHj)s. CH,E',CHj, given the 
B.P. of one member of this series. 

Thus B.P. of 
OH{CHXCH,.CH,=30"-5; required the B.P.ofOH(OHJ,.(OH,)^.CH3 



B.P. required = 30'5 + (iS + ^ ) 



= 30-5 + 19 + 12'6G 
= ea^'ie. B.P. observed -62"-0. 
141. From the known data regarding the boiling points 
of isomeric hydrocarbons, it has been concluded that, of any 

' See Naamann'a TheTmocl}entie, pp. 173—177. 

' Ber. 13. 689 ; alao C. S. Journal, Alratracta tor 18B2. 374 (oriRinai paper is 
in Bassian}, 
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number of isomerides containing only carbon and hydrogen, 
that one has the lowest boiling point the molecule of which 
contains, in the language of the theory now in vogue, the 
greatest number of ' side chains '. Thus, 



Isomerio Pentanes C0H13. 

(1) normal pentane OH3. (CH,)3 . CH3 

(2) isopropyl-methyl-methane OH,. OH (0H3)3. CH, 

(3) tetramethyl-methane ©(OHg)^ 

Isomerio Hexanes O5H14. 

(1) normal hexane OH3 (OH,), OH3 

(2) isopropyl-ethyl-methane 0H3.0H(0H3),.0,H^ 

(3) di-isopropyl 20H (0H3)3 

(4) trimethyl-ethyl-methane C(0H3)3 03H5 



B.P. 

39^ 
30-5 
9-5 

B. P. 

70"-5 
62 
58 
43-48. 



Naumann has extended this generalisation to certain oxygen- 
ated carbon compounds. He gives the following formuleB and 
boiling points^ : — 

Butylio Alcohols Cfi^fi. B. P. 

(1) normal primary CH..0H..OH..0H.OH 116^ 



(2) iso-primary 

(3) normal secondary 

(4) normal tertiary 



CH3.OH3.OH3.OH3OH 



/ 



OH. OH.OH 



H,0 
H3C.CH..OH3 

CHOH 

H,0-OOH 
H,0/ 



Valeric Aldehydes G5H10O. 
(1) normal valeric aldehyde 0H3.(0H3)3.CHO 



(2) ordinary „ 



» 



^CH.CH,.CHO 
H3O/ 



Valeric Adds OkHiaOo. 



e-"io^2» 



(1) normal valeric acid OH3. (CHJ3. OG.H 

(2) ordinary „ „ 



0H.0H,.CO,H 



109 
89 

82-5 

B.P. 
102" 

92 

B.P. 
185° 

175 



1 Ber. 7. 173. Id. Thermoehemie, pp. 1^1— Vl*i, 
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(3) trimethyl acetic acid H,C 


-C,CO,H 


EetoneB C,H,^0. 




(1) methyl -propyl ketone 
{2) methyl-iaopropyl ketone 


OH,.CO.C,H, 
0H,.CO.CH 



93-5 



142. Naumann' also gives data which aeem to shew that 
in many isomeric carbon compounds containing oxygen, that 
iaomeride has the lowest boiling point in which the oxygen atom, 
(or atoms) is 'situated near the middle of the chain' of atoms 
which form tbe molecule. But such an expression as 'near the 
middle of the chain' conveys no information about the form of a 
molecule, or the arrangement of atoms in space'. 

143. According to Schall' there is a connection between 
the rate of evaporation, at the boiling point, of a liquid carbon 
compound and the molecular weight of that compound in the 
state of gas. 

Schall heats the liquids to be examined in their own vapours, 
and observes the times required for the evaporation of equal 
volumes; the times required for the evaporation of equal weights 
are then calculated, the relative densities of the liquids at their 
boiling points being known. 

The time of evaporation of equal weights of liquid compounds, 
according to Schall's determinations, is inversely proportional to 
the molecular weights of these compounds, 



Section II. Dissociation. 

144. In par. 128 it was stated that by adding heat to 
steam the temperature of the steam increases, and a point is 
reached whereat chemical change of steam into hydrogen and 

' Ber. 7. 20G; and Tkermocliemie, loc. cit. See also Watta'a Dkt. Sid 
Buppll. pp. 914-5. 

' On the connections between meltinR and boiling points and ohemical 
DompoBition see also Milla, FIiU. Mag. (5). 18. 173. 
' i?^/', IB. 3011 i 17. lOii. 
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oxygen begins. When amylic bromide is heated to 165® change 
into amylene and hydrobromic acid begins. 

We have now to consider the phenomena presented by such 
changing systems as steam and amylic bromide, chiefly with the 
view of elucidating the relations between the composition of these 
systems and the temperature and pressure at which any specified 
change occurs. 

145. The outstanding features of the phenomena connoted by 
the term dissociation are: (1) a change of more complex into less 
complex compounds, or of compounds into elements, brought 
about by the action of heat, some or all of the bodies pro- 
duced being gases ; and (2) the possibility of the reversal of the 
process by cooling the products of the primary change in contact 
with each other. 

146. The following numbers present us with three typical 
cases of dissociation. In each case a compound is heated, the 
temperature rises, and the density of the gases decreases. The 
composition of the original compound is known, as is also the 
composition of the gaseous compounds produced by the action 
of heat ; hence the amount of chemical change for any tempera- 
ture-interval can be calculated from observations of the density 
of the gas. 

Dissociation of nitrogen tetroadde^, ^2^4* 
(Specific gravity of N.,0, = 3-18; of NO^ + NO, = 1-59; (air = 1).) 







Percentage f?^^ 
dissociation. tusso 


increase in perctge 


Temp. 


Sp. gr. of gas. 


ciation for lO*' rise 






lUBBouiawon. ^^ temperature. 


26''-7 

35-4 

39-8 

49-6 

60-2 


2-65 
2-53 
2-46 
2-27 
2-08 


19-96 
25-65 
29-23 
40-04 
52-84 


6-5 

8-1 

. 11-0 

12-1 

. 13 

. 10-4 

8-8 

4-4 

3-1 

3-5 

1-8 


70 

80-6 

90 

100-1 
111-3 
121-5 
135 


1-92 
1-80 
1-72 
1-68 
1-65 
1-62 
1-60 


65-57 
76-61 

84-83 
89-23 
92-67 
96-23 
98-69 


154 


1-58 


100 





DevUle and Troost, Compt, rend. Wi, ^2.^1 , 
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Dissociation of amylvG bromide^ ^ C^HuBr. 

(Specific gravity of C,H„Br = 5-22; of C,H^, + HBr = 2-61; (air=l).) 

Percentftffe ^®*° increase in perctge ; 

Temp. Sp. gr. of gas. diss^iation dissociation for IQo rise of 

temperature. 

152' 5-37 

155-8 5-18 

160-5 5-32 

165 5-14 , . . 1-6 

171-2 5-16 

173-1 5-18 

183-3 5-15 ... 1-4 «^ 

185-5 5-12 ... 2 -I'lL 

193-2 4-84 . . . 7-9) *'* 

195-5 4-66 12 V 9-2 

205-2 4-39 18-9) 

215 4-12 26-7) 

225 4-18 [ 4-5 

236-5 3-83 .. . 36-3) 

248 3-30 58-2 

262-5 3-09 68-9\ 

272 3-11 

295 3-19 1 1-2 

305-3 3-19 

314 2-98 . . . 75-1 j .. 

360 2-61 100 ^'^ 

Dissociation of amylic iodide', O^^Ji, 
(Specific gravity of C,HiJ = 6'84 ; of C,Hj, + HI = 3-42; (air=l).) 

Temp. Sp. gr. of gas. Percentage Mean increase, per 10^, of 

dissociation. percentage dissociation. 

143' 6-05 13-1 T . 

153-5 5-97 14-6 t'^ 

168 5-88 16-3 ^'"^ 

160 5-73 19-4 .. 

210 4-66 46-8 * ' ' ' * i o 

262 4-38 56-2 - 

147. The numbers in the third column of these tables are 
calculated on the assumption that, (1) N^O^ dissociates into 
2NO2 ; (2) 0,R,,Bt dissociates into CgHj^ + HBr ; (3) CflJ 
dissociates into CgHj^ + HI. The sp. gr. of gaseous N^O^, OgH^jBr, 
or CgHjjI is readily calculated on the assumption that the 

1 Wurtz, AnnaleUf 136. 315. 

^ Wurtz, Compt, rend, 62, 1182: Annalen, 136. 314. See also Naiimami*8 
Thermochemief 128, 
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quantity of each compound expressed by the formnla occupies 
two volumes in the state of gas. Similarly the sp. gr. of a 
mixture of NO, + NO,, C,H,, + HBr, or C^H,, + HI, ia calculated 
on the same assumption. 

Putting d — sp. gr. of the undissociated gas ; /> = sp, gr. 
observed; and p = amount of dissociation per cent.; we have' 
100 (d-B) 
P= D ■ 
This formula is only applicable when two volumes of the 
original gas produce four volumes of mixed gases by complete 
dissociation. If there be x volumes of mi.xed gases produced 
from two volumes of the original compound as gas, and if 
a 

then the equation 

100 ((i-B) 

is always applicable. 

148, In the cases of dissociation considered it can easily be 
proved that the compounds N,0„ CjH„Br, and CjHjJ exist as 
gases at low temperatures, and that the gases obtained by heating 
these to a high temperature actually consist of 2N0,, CjH,5+HBr, 
and C,H,(, + HI, respectively. 

But it sometimes happens that little or no direct proof of 
the occurrence of dissociation is to be had except that presented 
by the decrease of gaseous density as temperature rises. Thus 
if solid ammonium chloride is heated, a gas is obtained the 
density of which is less than that calculated on the assumption 
that the mass of ammonium chloride represented by the formula 
NH,Ci occupies two volumes in the state of gas. But if this 
gas is allowed to cool ammnnium chloride is produced. Now if 
we assume that NH^Cl dissociates when heated into N H^ + HCl 
we can easily calculate the amount of dissociation at any tempe- 
rature, from the observed density of the gas. Thus the theoretical 
density of NH,C1 gas is 1"86 (air = 1), but the observed density 
of the gas obtained by heating this compound is less than l^SG, 
and decreases as temperature rises until at about 500° it is equal 
' See farther Naumann' a rhermofltiemie,!!^— \'i5. 
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to 10. The density of a mixture of NH^ and HCl in equal 
volumes is 0'93 (air = 1). Hence we conclude that when NH,C1 
is heated it dissociates into NH^ + HCl, and that these gasea 
reoombine to produce NH^Cl as temperature falls. 

A similar phenomenon is presented by the action of heat on 
phosphorus pentachloride. Data are given in the following 
table. 

Sigeociation of POl,.' 

Caloulatdd density of gaseous PClj = 7"2; of gas consiating of 
PCIj+ Cl, = 3-6, (Bir = l): amount of dissociation is calculated by the 

formula p = i-^ on the aBsumption that 2 volumes of gaseous 

POlj dissociate into 2 volumes of PCl^ + 3 volumes of CI,. 

Temp. Sp. Gr. of gas. ,?«™«.'''?Be Mean morease per 10" of 
t 1 . uj.. ui. u. ei" dissociation. peroentage dissociatjon. 

182" 5-08 41-r „„- 

190 , 4-99 44-3 fi" 

200 4-85 48-5 *^ 

230 4-30 67-4 ^', 

250 4-00 80-0 ^f 

274 3-84 87-5 ^^ 

288 3-G7 96'2 °^ 

300 3-65 97-3 ^^ 

149. The resemblance between the course of the change 
presented by these data and the changes undergone by N^O^ 
C^j,Br, and C^Hi,! renders it very probable that these four 
changes are of the same kind. Hence the conclusion is drawn 
that the action of heat on FCl, presents us with an instance of 
dissociation. 

It has been shewn by PebaP that if the vapour obtained by 
heating solid ammonium chloride is diffused through a porous 
plate the diffusate contains considerable quantities of free 
ammonia. Now if the vapour were really NH^Cl and not a 
mixture of NH^ and HCl, thia result appears inexplicable. 

Again, Wurtz^ obtained numbers for the density of phosphorus 
pentachloride gas at low temperatures nearly agreeing with the 
calculated density 7'2. The method adopted by Wurtz waa to 
> Cahonrii, Compt. rend. 21. 625. Ann. Chim. Phijs. (3) 20. 369. 
" Annalen, 12S. 193. 
^ Compt. rend. 7S. 601. 
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volatilise the vapour of the pentachloride into flasks already I 
containing a known amount of vapour of phosphorus trichloride. 
From the sum of the weights of the two gases, and from analyses 
of the contents of the flasks, he calculated the volume and weight 
of the vapour from (he pentachloride, and the pressure noder 
which the vapour existed in each flask. As the mean of 12 experi- 
ments, at temperatures ranging from 160° to 175° and pressures I 
varying from 168 to 413 mm,, Wurtz obtained the number 7"23 [ 
aa representing the density of the vapour of phosphorus penta- I 
chloride, obtained by gasifying this compound into an atmosphere I 
of phosphorus trichloride'. 

150. If we refuse to accept the explanation given by the 
dissociation-hypothesis of the observed variations in the densities 
of such ga.'ies as ammonium chloride, phosphorus pentachloride, 
&c. then we must fall back on the hypothesis that the coefficients 
of expansion by heat of these gaaes are abnormal. The rate of 
increase of the coefficients of expansion of these gases, on this 
view, increases as temperature increases, until a maximum is 
reached, and then again decreases to a constant value. But this 
explanation is much more far-fetched and contradictory of observed 
facts than that which is given by the hypothesis of dissociation'. , 
Besides this, we shall see that it is possible to frame a consistent 
theory of dissociation which explains many facts both chemical 
and physical, and is in keeping with the fundamental laws oi 
energy. 

151. On looking at the data presented in the three tables 
(par. 146) it is seen that the amount of diaaociation for a given 
temperature-interval is at first small, it then increases as tempe- 
ratiu-e rises until about 50 per cent, of the original compound 
has been dissociated, after which the amount of dissociation 
decreases for the specified interval of temperature until the 
change is complete. In these tables the pressure remains at 
760 mm. throughout. The temperature at which 50 per cent, of 
the complete dissociation is accomplished for any specified pressure 
is called by Naumann, and others, the decomposition-temperatuie 
of the given compound, cf t' .j.;. .■ . 

^Xhe course of a dissociation-change is generally conditioned 
' Compam Lemoine, Etudes sur les Eqiiilibru Gliimfiiuei, R6— Tl, 
* Compare Naumaaa'a Thermoehemtit ISl-S, 



126 APPLICATIONS OF THERMAL METHODS. [CHAP. IV. § 151. 

by the pressure, as well as by the temperature, to which the 
dissociating system is subjected. That this is so in one of the 
cases already examined is made clear by the following tables^: — 

Dissociation of N^O^. 



I. Equal temperatures. 



Temp. 

18-5 

20 
20-8 



Pressure. 



279 
136 

301 
153-5 



mm. 



a 






Density (air=l), 

2-71 
2-45 

2-70 
2-46 



Percentage 
dissociation. 

17-3 
29-8 

17-8 
29-3 



II. Equal pressures. 

Temp. Pressure. Density Percentage 

(air = 1) . dissociation. 



20-8 

10-5 
21-5 

U-5 
16-8 
17-5 

1 
18-5 
22-5 

III. 

Temp. 

26°-7 
16 

35-4 
16-8 

39-8 
20-8 

39-8 
18-5 

49-6 
22-5 



153 mm. 2-87 



153-5 

163 
161 

175 
172 
172 

138 
136 
136-5 



99 



2-46 

2-73 
2-38 

2-63 
2-55 
2-52 

2-84 
2-45 
2-35 



10-8 
29-3 

16-5 
33-7 

20-9 
24-7 
26-2 

11-9 
29-8 
35-3 



(1) 
of temp. 

21-8 

11 

2-3 
0-7 

. 17-5 
. 4 



Differences 
(2) 

of dissociation. 



18-5 

17-2 

3-8 
1-5 

17-9 
5-5 



Quotient. 
J2) 

(1) 

0-9 

1-6 

1-7 
2-1 

1-0 
1-4 



Equal amounts of dissociation. 

Pressure. 



Percentage 
dissociation. 



755-5 mm. 19-96 



Differences 
(1) (2) 

of temp, of pressure. 



228-5 

755-5 
172 

755-5 
153-5 

755-5 
136 

755-5 
101 



9} 
it 



20-0 

25-65 
26-2 

29-23 
29-3 

29-23 
29-8 

40 
39-0 



10-7 

18-6 

19 

21-3 

27-1 



527 

583-5 

602 

619 

654-5 



Quotient. 
(2) 

(1) 

49 

31-3 

31-7 

29 

24-2 



^ Naumami, loc. cit. 1^^— \a\» 
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Decrease of pressure, temperature being constant, acts in j 
the same way as increase of temperature when pressure is 1 
constant; in both cases the amount of dissociation increases. 1 

Table II. illustrates a point already mentioned, viz, that the I 
amount of dissociation for a given interval of temperature, with I 
a constant pressure, ia smaller at low than at higher tempera- 
tures, up to a certain limit of temperature. 

The fourth and fifth columns of Table III. contain figures 
which represent equivalent quantities of temperature and 
pressure, equivalent, that is, as regards their effect on the amount 
of dissociation. These numbers shew that as the temperature i 
ia approached at which 50 per cent, of the original compound 
is dissociated, the influence on the amount of dissociation of 
decreasing the pressure is, in this case, much more marked than 
the effect of increasing the temperature. 

152. At any specified temperature there is a certain 
pressure whereat the process of dissociation stops. This is called 
the equilibrium -pressure for the specified temperatura If the 
pressure be decreased, or if the temperature be increased, the ' 
change proceeds'. I 

A process of dissociation such as we have studied is evidently ] 

for the most part conditioned by temperature and pressure only. 1 
Is it then possible to treat the subject in a general way so as to 
arrive at a definite statement of the quantitative relations 

between temperature, pressure, and amount of dissociation ? I 

153. The relation between the volume of a gas and the I 
pressure to which the gas is subjected may be considered when 1 
the conditions are such that (1) the gas is continuously in ] 
thermal equilibrium with its surroundings so that any heat ' 
produced by compressing the gas at once escapes, and the 
temperature remains constant; (2) no heat is allowed to enter i 
or leave the gas. In the first case the relation in question may 
be represented by a aeries of isothermal lines; in the second J 
case by a series of adiabatic tines. The isothermals represent a ] 
scale of temperature ; the adiabatics a scale of entropy. I 

The entropy of a system can change only when heat passes ] 
from one part of the system at a higher, to another part at a I 

' Bat aeepost, pats. 156, lOO— 162. J 
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lower, temperature. Let H = the quantity of heat that so 
posses from a body at temperature ^,, measured on the absolute 
or thermodynamic scale, to a body at temperature 6^; then the 

first body loses a quantity of entropy expressed by -^ , and the 

second body gains a quantity of entropy represented by ^ . But 

since heat passes only from bodies at higher, to bodies at lowM, 
temperatures, it follows that d^ > 6^; and therefore 



Hence the entropy of the system is increased by this trans- ' 
ference of heat by the amount 



-(i-y 



The entropy of a body is proportional to the mass ; hence it is 
more accurate to speak of the entropy of unit of mass of a body 
or system. ^^ 

The relations between the equilibrium of an isolated gaseous 
system and the changes of the entropy and energy of that 
system have been considered by Willard Gibbs'. Such a system 
will be in thermal and mechanical equilibrium when, for a given 
constant entropy, any change that may occur involves one of i 
two conditions for the energy of the system, viz. (1) the energy | 
increases, or (2) it remains constant. 

Consider a mixture of gases some of which can be formed 
from the others ; when the energy of such a system has its 
smallest value consistent with the entropy and the volume (ie. 
when any decrease of the energy must alter the entropy and 
volume) this system is in what Gibbs calls a ' phase of dis- 
sipated energy ' ; such a phase will be stable. 

But the state of a gaseous system is conditioned by six 
variables : 



(1) the masses of the constituents m 

(2) the volume of unit mass of each constituent t 



> Amer. Jounial of Sci. aitd Arts, (3) IB. 441 ; IB. 277. See also Clerk 
MaiwBll in the South Kemington Saience Conferencet, 1876 ; nlao Tlieory of 
Meat, ebapB. mi. and zi. 



r 
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(3) the entropy of unit masa of each constituent ^^ i^„, 

(4) the energy of unit mass of „ „ rj^ ri„ 

(5) the pressure of each constituent p, p„ 

(6) the temperature „ (thermodynamic scale) 6^ 0„. 

Changes in the values of any of these variables will be 

accompanied by changes in the state of the system. 

But an ideal system in a ' phase of dissipated energy ' has a 
certain entropy and volume, and has the minimum energy possi- 
ble for this entropy and volume. For any change of the entropy 
and volume the energy must still remain at a minimum (or for 
any change of the energy the entropy must remain at a 
maximum). Now the energy is conditioned by (1) the volume, 
(2) the entropy, (3) the masses of the constituents of the system. 
If the energy is known in terms of these variables, the tempera- 
ture and pressure can be found in terras of the same variables. But 
(2) remains always at a maximum : its variation vanishes when 
energy and volume are constant. Hence an equation can be 
found between (1) m^...m„, (2) v,...v^. (3) 0,...6„, for each of the 
two conditions (i) that the energy does not vary, and (ii) that 
the variation of the entropy vanishes when the energy and 
volume are constant. The relations of volume, temperature, and 
mass may be calculated by means of these equations for the 
assumed conditions of energy and entropy ; and an equation may 
be found to give the density in terms of the temperature and 
pressure. 

In dissociable gases we have ' gas-mixtures with convertible 
components', i.e. with constituents some of which may be 
produced from the others. Gibbs assumes that notwithstanding 
the occurrence of chemical action between the components of 
such gas-mixtures, the temperature, pressure, volumes, and 
densities of these dissociable gases are related in the same way 
as in ideal gas-mixtures with convertible components. Hence 
the equation which enables the density of an ideal gas-mixture 
in a phase of dissipated energy to be calculated from the 
temperature and pressure may be applied to the ease of dis- 
sociable gases. 

The equation in question is given by Gibbs in the following 

' Loe. cit. 18. 281. 
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where D ie the density (air = 1) of the gaseous mixture, J)^ "*ie 
theoretical density of its less dense component, ( the temperature, 
p the pressure, and A', B, and C are constants to be determine/ 
by experiment for each gaseous mixture, 

Gibba has compared the densities of the vapours obtwned 
by heating nitrogen tetroxide, formic acid, acetic acid, and 
phosphorus pentachloride, at different pressures and tempera- 
tures, with the densities calculated by means of this equation. 
The results shew very close agreement in most cases. Gibba 
concludes hia paper thus; " The constants of these equations are 
of course subject to correction by future experiments, which 
must also decide the more general question — in what cases, and 
within what limits, and with what degree of approximation, the 
actual relations can be expressed by equations of such form. In 
the case of perchloride of phosphorus especially, the formula 
proposed requires confirmation," 

The important point to note with regard to this investigation 
of Gibbs is that equations are deduced from the fundamental 
conceptions of the theory of energy as applicable to certain 
ideal gas-mixtures, and that these equations are found to express, 
with a fair degree of accuracy, the actual relations between pres- 
sure, temperature, and density, in dissociable gases. If the results 
obtained by Gibbs are confirmed and extended by future experi- 
ments we shall have a fairly complete thermodynamic theory of 
dissociation. 

164. But the phenomena of gaseous dissociation may be 
looked at from the point of view of the molecular theory of 
matter. 

Pfaundler especially has examined the phenomena from this 
standpoint'. 

According to the kinetic theory of gases there must be 
differences in the states of motion of individual molecules in a 
mass of gaseous molecules of one kind. The sum of the kinetic 
energies of the motion of agitation of the molecules and of the 
motion of rotation of the parts of the molecules must be a 
1 Fogg. Ann. JntMlbd. 182 : and do. 181, SS tt aeq,. (espeoiall; pp. 66—71). 



^KCT. IL § 154.] DISSOCIATIOJJ. 131 



c^onstant quantity as long as temperature remaiDS unchanged, 
liTit the distribution of the two motions may differ much, as 

i^gards the individual molecules. 

Let us call the energy of agitation of the molecules of a 
gaseous system at constant temperature a, and the energy of 
rotation of parts of the molecules b; then there are four limiting 
cases for the distribution of these two enei^es among the indi- 
vidual molecules of the system. We may have molecules in which 

(1) a and 6 are both at a maximum ; 

(2) a and 6 are both at a minimum ; 

(3) a is at a minimum, and fi at a maximum ; 

(4) a is at a maximum, and 6 at a minimum. 

When two molecules collide, a may be increased at the cost 
of b, or, as a limiting case, both may remain unchanged. The 
temperature of individual molecules may be far removed from 
the mean temperature of the system. 

Now suppose heat is added to such a system, the energy 
of agitation and also that of rotation will increase. The 
effect will be that some of the molecules wOl be resolved into 
their constituent parts ; others will he heated to the tempera- 
ture at which separation into parts occurs, and so on. 

The process of separation into parts will proceed rapidly for 
a time, but, as fewer and fewer molecules remain unseparated, as 
temperature rises the rate at which the separation proceeds will 
decrease. 

But re-combination of parts of molecules will also be pro- 
ceeding in the system. The occurrence of this re-combination 
■will be conditioned by the relations between the energies of 
agitation and of rotation in individual molecules. Only those 
constituents of molecules will unite which by their union can 
produce molecules with a rotational energy not greater than 
that which brings about separation of molecules into parts. If 
now temperature remain constant, we shall have sepai^ation 
and re -combination proceeding until a state of equilibiium is 
attained, which will he again disturbed by raising or lowering 
the temperature'. 

1 Diseocialion is treated by Fhandler aa a Epeeial case of his. general theory 
of ' simultaneous rEciprocel reactiaua ia aoneectuenoe oC YBriationB in tbe 
mudoiis of individual moleeulea '. 
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155. The subject of gaseous dissociation has also been 
considered from the molecular point of view by J. J. Thomson. 
In a paper ' On tlie chemical combination of gases '', Thomson 
treats of dissociation in the light of the theory of vortex-atotoa 
This theory regards the molecule of a gas as consisting of two or 
more vortex-rings, which may be separated by a disturbing 
influence such as the action of heat, light, or electricity, or of 
other vortes-rings in the neighbourhood. That a compound 
gas may be different from a mixture of the gases which compose 
the compound it is necessary that "the mean time during which 
an atom is paired with another of a different kind, which we 
shall call the paired time, should be lai^e, compared with the 
time during which it is alone and free from other atoms, which 
we shall call the free time." The ratio of paired to free time 
will be diminished by any disturbance to which the gas is 
subjected; "if this disturbance is great enough the value of 
this ratio will be so much reduced, that the substance will no 
longer exhibit the properties of a chemical compound, but those 
of its constituent elements." The effect of a disturbance on two 
vortex-rings may tend to make the connection between the 
rings stronger, or it may tend to separate the rings ; which 
effect is produced will depend on the direction in which the 
compound molecule is moving at the time. Molecules may be 
separated into their constituents by the action of heat, light, 
electricity &c., or by the effect of high temperature without any 
external disturbance. 

Thomson then considers the conditions under which the 
ratio of paired to free time is so reduced that the gas separates 
into its constituents. He considers cases of various degrees of 
complexity, beginning with that of an elementary gas the 
molecules of which are diatomic. He shews how an equation is 
arrived at for such a gas whereby the ratio of the number of free 
atoms to the number of molecules at any time may be determined. 
This equation may be expressed as an equation giving the density 
of the dissociated gas; and the results calculated by it can then 
be compared with the experimentally determined results (_loc. dt. 
pp. 240 — 24-1). Further.thisform of the equation variesaccording 

' Phil. Mag. (B). 18. 233. 
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as it ia assumed that the dissociation is produced by collisiona 1 
between the molecules, or by some external agency such as heat, 
light, or electricity. In the simple case of iodine vapour "if the 
disaociation were due to the collisions of the particles, then the 
paired time would vary inversely as the number of collisions, 
and. . .dissociation would be the same at all pressures." But the 
dissociation of iodine vapour is dependent on the pressure^ hence 
the dissociation is probably not due to collisions between the 
molecules, but rather to the action of some estemal agency. 
In considering the change of gaseous hydriodic acid into iodine 
and hydrogen it is shewn that the amount of the change, at a 
given temperature, should be much less dependent on pressure 
than in the case of iodine vapour. This conclusion follows 
whether the change is regarded as the effect of collisions be- 
tween the molecules, or as the effect of an external agency. The 
experimental results obtained by Lemoine' confirm Thomaon'a 
theoretical deduction. Other cases are considered in the paper 
referred to, and equations are deduced whereby the conditions 
which determine the ratio of paired to free time, and therefore | 
determine the amount of disaociation, may be obtained. 

156. It appears then that two fairly satisfactoiy theories of I 
gaseous dissociation have been proposed, one founded on thermo- [ 
dynamical considerations, the other developed on the lines of the I 
vortex-atom theory of the structure of matter". 

157. But what are the phenomena presented by the disso- 
ciation of a solid compound into solid and gaseous constituents ? 
Consider the two compounds AgCl.SNH, and 2AgC1.3NHj. 
If silver chloride ia placed in a closed vessel filled with ammonia ] 
gas, temperature being about 12°— 20°, ammonia is absorbed, the 
compound SAgCl.SNHj is produced, and the pressure in the 
vessel decreases. If more ammonia is now passed into the 
vessel, absorption again occurs until a certain pressure ia attained, 
when the process stops. If the temperature is now raised, 

a portion of the compound 2AgCl , 3NH, is separated into silver 
chloride and ammonia. This separation is accompanied with 
increase of pressure; when a certain pressure is reached the 

■ See post, par. 160. 

^ For a fuller account of the Torious theories of 
Etudei sitr let Equitibrea Climi^xiei, 
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process ceases. If the temperature is now lowered, ammonia 
is again absorbed, and tbe pressure falls, until equilibrium is 
once more established in tbe system consisting of a;AgCl, 
y2Aga.3NH„andzNH,. 

For every temperature then there is a certain pressure at 
which neither absorption nor evolution of ammonia occurs, but 
equilibrium is established. This equilibrium-pressure is inde- 
pendent oi' the relative amounts of the two solids, AgCl and 
2AgCl . 3NHj, present. But suppose tbe system to be in 
equilibrium at a specified temperature, aay 20' ; let the pressure 
be much increased by pumping a quantity of ammonia into the 
vessel, absorption will occur and tbe whole of the silver chloride 
will be change<l into 2AgCl . 3NHj ; but the process of ab- 
sorption will continue, and a new compound AgCl . SNH^ will be 
produced. When so much ammonia has been absorbed that 
the pressure has fallen to a certain amount the process stops. 
If the temperature is now lowered, more ammonia is absorbed 
and the pressure falls; if the temperature is raised, ammonia is 
evolved, and the pressure increases ; if tbe temperature is kept 
constant and ammonia is pumped into the vessel, a portion of 
the ammonia is absorbed, and the pressure falls. For every tem- 
perature there is a certain pressure at which equilibrium ia esta- 
blished in the system consisting of ir2AgCl . SNH,, yAgCl . 3NH^, 
and xNHj. This equilibrium-pressure is independent of the 
relative amounts of the two solids 2AgCl. SNH^ and AgCl. 3NHj. 
The following table exhibits the equilibrium -pressures for the 
interval of temperature B'-fiO" for each of the two compounds of 
ammonia and silver chloride'. 




Temp. 


Eqailibriu 


m-pressorea 






of mereurr} 




2AgC1.3NH, 


AgCl.aNH 


6" 


22 


_ 


7 


23-4 





8 


24 '9 


432 


9 


26-5 


446 


1 ^0 


28 '2 


465 


1 1^ 


31'9 


520 


1 IB 


40'9 


653 


■ 18 


46-6 


723 


20 


52-6 


793 


Hortsman, Ber. 9. 749. 


Sea also laamliert, Compt. rend 
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The difference between the equilibrium-pressures for eachfl 
system— (i)a:AgCl,y2AgCl. 3NH^2NH,; and (ii)3-2Aga. 5 
1/AgCl . 3NH,, eNH, — at any temperature, is so great that it isl 
not difficult to study the relations between pressure, temper*- B 
ture, and amount of chemical change, for either system. ButV 
experiments have shewn that in many other cases broadly 
analogous to this, it is almost impossible to determine the 
equilibrium-pressures for various temperatures. Take for 
instance the hydrated salt CuSO, . 5H,0. When a crystal J 
of this compound is heated in a closed vessel, of such a size I 
that the water of the crystal is more than sufficient to saturate ■ 
the air in the vessel, water-gas is evolved, and the pressure I 
increases ; after a time the process stops. If the temperature ia I 
now allowed to fall, water is re-absorbed, and the pressure i 
decreases. But the change of pressure is irregular and a long 
time must elapse before equilibrium is attained. At a moderate 
temperature the crystal is slowly dehydrated, but at the same 
time small quantities of water are re-absorbed by parts of the 
crystal which had before given off water. Irregularities in the 
form or surface of the crystal largely affect the processes of 
dehydration and rehydration, and cause fluctuations in one 
direction or the other. As these iluctuationa are accompanied 
by changes of pressure, it is almost impossible to establish 
equilibrium, at a specified temperature, in the system consisting 
of icCuSO^ yCuSOj . 5H^0, zRfi and varying quantities of other 
hydrates of CuSOj. Several processes of dissociation are pro- 
ceeding simultaneously, and the equibbrium-presaure for any 
one of the dissociating systems at a constant temperature is so 
nearly the same aa that for the other systems that the 
establishment of an equilibrium-pressure for the whole system is 
not attained'. 

If hydrated sodium phosphate, NajHPOj.lSHjO, is heated in 
a closed vessel, water-gas is given off, and the pressure increases. 
For any temperature there is an equilibrium-pressure established 
which is independent of the relative amounts of the dehydrated 
salt and the various hydrates present. This equilibrium-pressure 
is the same whether the salt Na^HPO, . 12H,0 or a less hydrated 



f For fuxthac details see Naumana, Ber. T. 1673 ; or Tkemwckemie, llu-G. 
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salt than thia is uaed, provided the quantity of water in the 
salt ia more than that required by the formula NajHPO, , 7H,0. 
If the salt Na^HPOj.THjO is heated, a aeries of equilibrium- 
pressures is obtained different from those pressures which charac- 
terise the procesa when a salt is used with any quantity of water 
more than that required by the formula Na^^HPOj . 7H.fi but 
not exceeding that contained in the salt Na^HPO^ . 12H,0. TLe 
following numbers represent the results obtained by Debray'. 



Temp. 



12°-3 74 n. 


m. 4-8 mir 


16-3 8-9 


, 6-9 „ 


20-7 14-1 


9-4 ,. 


24'9 18-2 


I2'9 „ 


31-6 30-2 


3] '3 „ 


36-4 salt melted 39-5 


30-5 „ 


40 '0 50 '0 


■ll'S „ 



J. 

4 



This process presents ua with an example of i 
solid body into solid and gaseous constituents intermediate be- 
tween that exhibited by CuSO,. 5HjO ou the one hand, and the 
pair of salts 2 AgCl . SNH, and AgCl . SNH^, on the other. 

Debray has also studied the action of heat on calcium 
carbonate'. When this compound is heated in a closed vessel 
lime and carbon dioxide are formed, but, on cooling, calcium 
carbonate ia reproduced. The direction of this change at a red 
heat is dependent only on the pressure of the gaseous con- 
stituent of the system, and is independent of the relative 
quantities of the solid constituents, lime and calcium carbonate. 
For each temperature examined there was found to be a 
maximum pressure exerted by the gaseous carbon dioxide 
whereat the direct change 

xCaOO, = CaO + CO, + (« - 1 ) CaCO, 
stopped. Thus, 

Temp. Equilibrinm-preasurB. 

860° 81 mm. 

1040° 520 mm. 

When the pressure had become equal to 520 mm. temper- 
ature was allowed to fall ; carbon dioxide was slowly absorbed 
and pressure fell, until at SCO" it was equal to 81 mm., when the 

1 Ctm^t. Tend. W. 195. - Conipt. rend. ei. (103. 
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process stopped as long as the temperature was kept at this 
point. When the temperature was again allowed to fall slowly 
more carbon dioxide was absorbed, until at about 400° or so 
the whole of the calcium carbonate originally used had been 
re-formed. 

1-58, A dissociating gaseous system is then, at any tempe- 
rature, a system in kinetic equilibrium. For each dissociable 
gas there is a temperature at which the process begins, and 
another temperature at which it ia complete. Pressure being 
constant, the rate of dissociation increases from the initial 
temperature until about one-half of the gas ia dissociated, and 
then decreases until the change is complete. The process may 
be reversed by removing heat from the dissociated system; the 
temperature falls, and re-combination begins. If the heat 
produced during the re-combination of portions of the gases were 
prevented from leaving the system, re-combination would stop, 
and equilibrium be established ; but if the heat is slowly removed, 
temperature falls continuously, and the process of re -combination 
proceeds until the initial state of the system is again attained: 
but the temperature of the system is now rather lower than 
that at which dissociation began. If the gases produced by 
dissociation are mixed, combination does not begin until a 
certain temperature is reached ; at this temperature portions of 
the gases combine, heat is evolved, other portions of the gases 
combine, and so the operation proceeds. If the temperature at 
any moment is lowered beyond a certain point, combination 
stops. 

In a chemical decomposition started by the addition of 
heat-energy, there is also a certain temperature at which the 
process begins, but, as a rule, the progress of the change is not 
accompanied by a continuous rise of temperature ; if heat is 
produced it is used in effecting the decomposition of further 
portions of the system, or it is partly given off to surrounding 
systems. The rate and amount of a decomposition are inde- 
pendent of pressure, within wide limits; the process is not, as a 
rule, reversible. 

159. Although we can thus contrast the general laws of 
chemical decomposition with those of dissociatiuii ^6\. "«e. t;a5ia!i.''. 
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define either class of changes. Dissociation gradually passes 
into decomposition. "There is no outline in nature, however 
convenient or even necessary we may find it to draw one." 

Consider the case of hydrated magnesium oxide, MgO.H,0. 
When this compound is heated it gradually separates into 
magnesia and water-gas with constant rise of temperature; 
each temperature is marked by a certain pressure of the water- 
vapour whereat the process stops; on cooling, the operation is 
reversed and MgO.H,0 is reproduced. But if the salt ia heated 
to a high temperature and is then cooled, the process is not 
reversed ; the water-gas does not re-combine with the magnesia 
however great the pressure may be. Dissociation has been 
succeeded by decomposition. 

The action of heat on mercui-ic oxide presents us with an 
instance of decomposition ; the process is not a function of the 
temperature when pressure is constant, nor is it a function of 
the pressure when temperature is constant; neither is it re- 
versible '. 

160. Lemoine' has made a very careful study of the con- 
ditions which determine the equilibrium of the gaseous system 
consisting initially of eqnal volumes of hydrogen and iodine, at 
260°, 350°, and 440°. At the highest temperature (440°) the 
system settles down into equilibrium in about an hour ; at 350' 
equilibrium ia established only after some days ; and at 260* 
months elapse before a settled state is attained. The rate of 
chemical change is also dependent on the pressure at any 
of the specified temperatures. The composition of the system 
when equilibrium is attained is scarcely, if at all, conditioned by 
the pressure, but is dependent almost solely on the temperature. 
The following numbers present some of Lemoine's results : — 
Temperattire = HO". 



PraaBUTB. 


Percentage of original hydrogen 
remainmg nncombmed. 


4420 mm. 

1748 „ 
760 „ 
380 „ 
162 „ 


24 
25-5 
26 
26 

29 


J. Mjera, Ber. 6. 11. 
Am. Okim. Phyt. (5) ] 


L2. 145 : as. aea, eapeciaUy pp. 30; 
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Temp. =3; 



3040 1 

1520 

•700 



18'6 



P Temp. =260*. 

*1290 mm. *63) ,, „,, , 

nOO „ »8.| after 30 days. 

The numbers marked with an asterisk are approximate only. 

161. These numbers shew how very slowly a settled state 
is attained by the system at a temperature below 350°. Although 
the final state at 440° and 350° is only to a small extent con- 
ditioned by pressure, yet the influence of pressure on the rate of 
the change ia very marked. This is exhibited by the following 
numbers ; — 

Temp. =350". 

IPeroentBge of hydrogeQ 
T 



29 



The rate of the change varies almost directly as the pressure. 

162. If the mass of either the iodine or the hydrogen is 

increased relatively to that of the other constituent, more hydri- 

odic acid is formed, when everything has settled down into 

equilibrium, than when the two gases are mixed in the proportion 

of their atomic weights ; but in no case examined did complete 

combination occur at 440°, and at a pressure varying from about 

350 to 1500 mm. The following numbers shew the influence 

exerted on the final state of the system by increasing the relative 

mass of hydrogen : — 

Tomp.=440°. Praasnr8 = 3dOiam. 

ii,n„^_n.,n ^f Tj .^A T Baao of HI formed to 

Proportion ot H and I. ^^^ possibla HI. 



1+ H 
I + 3H 

I + 3H 
I + 4H 



163. Thisstudyof the mutual action of hydrogen and iodine 
ia interesting, more particularly aa it shews that some processes, 
which must on the whole be classed as dissociation-phenomena, 
are much less dependent on variations of ^ressunei, w 
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the equilibrium of the system at any temperature, than those 
tjpical processes which we have already considered. 

The great slowness with which the system settles down into 
equilibrium, and the further fact demonstrated by Lemoine that 
the presence of a porous body, such as spongy platinum, hastens 
the attainment of this state but does not affect the final com- 
position of the system when equilibrium is attained, shew, I 
think, that the combination of hydrogen and iodine, or the 
reverse decomposition of hydriodic acid, presents phenomena 
which belong at once to those strictly included under dissociation, 
and also to those included under decomposition and combination. 

Lemoine thinks that the amount of dissociation of a gaseous 
body which is produced from its constituents with condensation 
is distinctly dependent on pressure as well as on temperature ; 
but that the influence of pressure on the amount of dissociation, 
at a specified temperature, is small in the case of a gas which is 
produced from its constituents without condensation. Hydriodic 
acid belongs to the latter class of gaseous bodies. 

164. Thomson's application of the theory of vortex-atoms 
to the chemical combination of gases points, as we saw', to two 
kinds of dissociation, one in which the influence of pressure is 
much more maiked than in the other. The influence of pressure 
on dissociation-phenomena stands in need of experimental in- 
vestigation. 

Section IIL So-called abnormal vapour-densities. 

165. The terra abnormal vapour-densities has unfortunately 
been applied to a class of phenomena most of which are perfectly 
normal. 

That mass of a gaseous compound which is expressed by ita 
formula always occupies two volumes. When N^O, is heated it 
separates into 2N0j : if N^O, occupies two volumes, and NO, two 
volumes, it is evident that the density of the gas obtained by 
heating N,0, should be one-half of the density of N,0, itself. 

The numbers given in the table on p. 121 shew that at 
about 150° the gas NO, exists unmixed with N^O^, but that as 
the temperature falls more and more N,0^ is formed. The 
' See ante, pur, 155. 
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Y of the gas at temperatures lower than those in the table 
approaches that which would belong to N,0, unmixed with NO,. 
If a gas does not dissociate on heating throughout a certain in- 
terval of temperature, then, assuming the expansion to be normal, 
the density must remain constant throughout that interval. If 
the gaa does dissociate there must be a gradual decrease of the 
density as the temperature rises. Hence the phenomena of disso- 
ciation explain such cases of so-called abnormal vapour-densities'. 

166. The density of the vapour obtained by raising the 
temperature of a liquid element or compound a little above its 
boiling point is always found to be greater than that calculated 
from the chemical formula of the body. 

As the temperature rises the density of the vapour decreases, 
but the calculated density is not attained until a certain tempe- 
rature, more or less above the boiling-point according to the 
body examined, is reached. 

167. The following tables shew the variations in the den- 
sities of several vapours as temperature rises. 

(When the pressure is not mentioned it must be understood 
to be approximately 760 mm.) 



1 



AcEuic Acid*. 


Bdtyhic Acid. 


A..0.. 


TheoreticB,] gneeons 


Thooretical gaseoua 


Tliecrctical gaaeoas 


danaity 2-08(air = l). 


density 3'04(air = l). 


density 6-18 (ftir = I). 


Boiling point 119°. 


Boiling point 167°. 


Boiling point 232°. 


Temperature. 


Vapour 
Denaity. 


re.p.at^e. S^. 




Vapour 
Deoaity. 


m-i'/.f^' 


3-20 


177" 3-68 


245° 


6-98 


^Bi.tn 


3-12 


208 344 


260 


B-73 


^HiJji 


2-90 


228 3'22 


270 


5'64 


^HlGn 


2-r5 


249 3-10 


325 


5 '22 


^m lATt 


248 


261 3-07 


338 


5'19 


^B 171 


2-42 


290 3-07 






H|i»o 


2-30 


310 3-07 






^Kiuvi 


2-22 


330 3 '07 






^K^ii) 


2'17 








^Kl!.<in 


3-09 








^r *.)ii(i 


2-08 








300 


2'08 









' For details rtguniing jDiliVidnal compounds we Sa^nmasvi^, TlitTTftQcV'ra.'i-t 
' Cahoms, Anmlen, Be. 176. 



V 


1 '" — 


^^^H FoHmc Aon>i, 


^^P Theoretiool gai>eoas denut? 1-69 (iur=l). Botliiig point 101°. 


Temperature. 


Preaanre. 


DenHity. 


TempBrBtnre. 


PreBBnre. 


Den^ 


99°-5 


690 mm. 


2-52 


lU'-S 


690 mm. 


2-? 


99-6 


662 „ 


2-44 


111-6 


690 „ 


2-3 


99-5 


557 „ 


2-34 


lIfl-5 


649 „ 


2-9 


101-0 


693 „ 


2-44 


116-5 


640 „ 


2-1 


101-0 


650 „ 


2-41 


124-5 


670 „ 


2-0 


105-0 


691 „ 


2-35 


124-5 


640 „ 


2-0 


105-0 


630 „ 


2-32 


184-0 


750 „ 


1-6 


108-0 


687 „ 


2-31 


216-0 


690 „ 


1-6 


Waikb'. 


Ethbr*. 


Theoretical gaseous imsiis 0*623 


Theoretical gasooua density 2-B5! 


(air= 1). Boiling point 100". 


(air=l). Boiling point 35". 




PrBBBure, 


Density. 


Tempeiatiire. 


PrBMnre. 


D^ 


108°-8 


752-7mm. 


0-653 


39°-7 


762-9 mm. 


^1 


129-1 


740-3 „ 


0-633 


461 


764-5 „ 


175-4 


764-1 „ 


0-625 


52-2 


740-5 „ 


2-ffl 


200-2 


755-9 „ 


0-626 


63-7 


746-0 „ 


2-a 








66-1 


764-3 „ 


2-64 








81-1 


762-6 „ 


2-61 








93-1 


762-4 „ 


2-6( 








102-8 


756-2 „ 


2-5i 








116-3 


755-8 „ 


2-5i 








130-6 


756-7 „ 


2« 








132-6 


742-5 „ 


2-51 








204-5 


757-1 „ 


2IH 


' Bineau, Annalen, 60. 160. 


' HorBtmann, Jnnalen. Snpplbd. «. 63. 
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Phopyl Fobmate'. 
Theoretieal aeQHity = 3'04 (air = l). 



PreBBOie. 


Temperature and vapour 


densities. 






35»-0 


65°-29 


80°-16 


99"-4 


128" 


200 mm. 


3-2267 


2-9892 


2'9842 


2-9C32 


2-9708 


300 „ 




3-0181 


3'OOU 


2-9802 


2-9T80 


400 „ 




3-0469 


3>0257 


2-9993 


3-9864 


BOO „ 






3-0490 


3-0186 


2-9985 


600 „ 






3-0538 


3-0258 


3-0075 


700 „ 






3-0596 


3-0299 


3-0150 


800 „ 








3-0340 


3-0230 







Beomkb ai 


D Chlorine. 






Temp, measured in 






Devittlioa of density from 


degieea above boiling 


Denaity 


air = l). 


normal, in percentages of 


point of 






tba latter. 


Ebomike. 


Chlohine. 


Beouihb. 


Chlobtnb. 


Bbouise. 


Chlobine. 


40" 


40" 


5-7115 


2-4844 


3-381 


1-397 


60 


60 


5-6809 


2-4810 


2-872 


1-261 


80 


80 


5-6503 


2-4776 


2-333 


1-122 


100 


100 


5-6197 


2-4742 


1719 


0-984 


120 


120 


5-5891 


2-4708 


1-650 


0-845 


160 


160 


5-5279 


2-4641 


0-058 


0-571 




200 


_ 


2-4572 


_ 


0-290 


— 


240 


~ 


2-4504 


~ ■ 


0-0 



Schoop' has examined the relation of density to temperature 
and pressure in the cases of several ethereal salts, besides propyl 
fori^ate (see Appendix IV.). 

There is a general resemblance between the course of the 
variation of density and that of a disaociation-change. If the 
temperature is constant the variation of the density appears to 
be a function of the pressure ; if the pressure is constant the 
variation appears to be a function of the temperature. If pres- 
sure decreases or temperature increases, the density decreases 
at first slowly, then more rapidly, and then again more slowly, 
> Bohoop, WUd. Ann. 13. 550. ' Loc, cit. 
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^H 168. Naumann' haa made a aeriea of experiments on the 


^^M density of the vapour obtained by heating acetic acid at different 


^H temperatures and pressurea. The following table gives a synopsis 


^H of his results. 


^^B Density of Acetic Adid Vatohb, 


^^M Denaity Eorresponding to forma]a O,HiOj = 2'08 (air=l). Boiling point = I19". 


^H FTeeaure. 


Density 
at llO". 


.„™ 


Density 
at 120". 


p„„„ . Denaity 
"^*'""- 1 at 130". 


^H ill 


3-31 


432 mm. 


3-14 


455 mm. 


2-97 


^H 359 


3-22 


377-5 „ 


3-06 


398-5 „ 


2-89 


^M 197 


2-91 


252 „ 


2-!)4 


274 




2-68 


^M 166-5 


2-81 


209 „ 


?-75 


221 




2-61 


^H 138-5 


2-78 


180 „ 


2-61 


201 




2-56 


^H 98-5 


2-61 


149 „ 


2-60 


188 




2-50 


^H 


2-49 


106 „ 


2-46 


157-5 




2-47 






89-5 „ 


2-37 


112-5 
93 




2-34 
2-32 


^^H Preesttie. 


Denaity 
at HO". 


Preaanre. 


Denaity 
atlOT. 


Presaore. 


Density 
at 185". 


^1 477 mm 


2-82 


498-5 BUD. 


2-68 


565 mm. 


2-36 


^H 417-5},, 


2-75 


436-5 „ 


2-63 


495 „ 


2 31 J 


^H 287-5 




2-54 


300 „ 


2-44 


382 




2-25 /a 


^H 232 




2-50 


243 „ 


2-40 


335 


' 


2-23 -' )f 


^m 199 




2-40 


208 „ 


8-29 


269 




2-2? '5 


^H 168 




2-32 


175 „ 


2-26 


230 




2,4 1 


^M 117 




2-27 


103 „ 


2-16 


191-5 




■■■13 J 


^M 




2-24 






110-5 






^H 169. These numbers present us with a change which is \.'»yrlj 


^H analogous to an undoubted case of dissociation, e.g. dissocitrtioa 


^B ofN.O. orPCl,. 


^1 The formula obtained by Willard Gibbs (see p. 130) ^cty 


^H approximately represents the relations between the density, the 


^H temperature, and the pressure, in the case of aeetic acid vapour, 


^H and also in those of nitrogen tetroxide and phosphorus penta- 


^H chloride. 


^H ' Annalen, 16B. 335. 
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If the decrease in the density of acetic acid vapour as 1 

temperature increases is regarded as due to the dissociation of I 
more complezj into less complex, bodies, then we must suppose 
that at certain temperatures and pressures this vapour consiata, 
for the most part, of molecules the mass of each of which is 
greater than that represented by the formula CjH,0,. Now as, 
on this hypothesis, these molecules are continuously breaking 
up into simpler groups of atoms, until the gas consists of 
CjHjOj molecules, after which no further change occurs, it seems 

better not to apply the term molecule to the heavier groups, I 
but rather to use some such expression as molecular group, or 
even particle, 

The same argument might apply in the cases of gaseous 
dissociation already considered. It might be better to speak of 

N,Oj, PClj, OjHjiBr &c. as molecular groups rather than as i 
molecules. 

170. A distinction of this kind has been drawn between I 
compounds which readily separate into simpler constituents I 
when heated, and compounds which are stable in the gaseoua I 
state throughout a considerable range of temperature ; the J 
names 'molecular compounds' and 'atomic compounds' being I 
used to distinguish these classes of bodies. I 

The phenomena we have examined in this and preceding 1 

paragraphs seem to me to point to the existence of gaseous 1 

particles of varying degrees of complexity, and to shew that | 

the more complex particles are as a rule not so stable, as 1 

regards rise of temperature or fall of pressure, as the less I 

complex particles of the same elementary composition. I 

Facts oblige uSj I think, to recognise various orders of small I 

particles. Theory undoubtedly points in the same direction. I 

Nevertheless it is impossible to say where the so-called ' atomic I 

compounds ' end and the ' molecular compounds ' begin'. I 

171. The dissociation of the gaseous molecules of an ] 
element into atoms has been studied in the case of iodine I 
vapour. The results, which are presented in the following table, ] 
shew that this process is strictly analogous to the dissociation I 
of nitrogen tetroxide. I 

' Thifl subject ia mora fnllj traatod in the author's Principles of C/iciitiitTii, I 

pp. 202—222. J 
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Dissociation of Iodine Yapoub^ 

(Density calculated for formula I^ = 8*77.) 

-D^^aar.^ T^^.^ DeiiBity of vapouT Mean percentage 

Pressure. Temp. (air=l). dissociation per 100«. 

8-74 
8-23 
8-28 
8-07 

760 mm. \ 940 7*60 

7-01 

5-82 

5-27 

5-06 



448^ 
680 
764 
855 
940 
1040 



Pressure. 

760 mm. 1 
304 
228 
152 
76 



g (1275 
1^1390 
. §; (1468 

Temp. 



6-9 
10-2 
11-0 
13-7 

8-8 



)) 



>> 






1250* 



Density of vapour 
(air=l). 

5-8 

5-54 • • 

5-30 • • 

5-07 • • 

4-72 • • 



Mean percentage dissociation 
per 76 mm. decrease. 



1-2 

7-1 

7-5 

13-7 



A comparison of these results with those tabulated on 
p. 126 (par. 151) for nitrogen tetroxide shews that there is no 
difference of kind between the separation, by the agency of 
heat, of more complex into less complex compound molecules on 
the one hand, and of the elementary molecule 1^ into its consti- 
tuent atoms I + I, on the other hand. 

172. But as the amount of separation of a compound gas 
into its constituents by heat is in some cases nearly indepen- 
dent of pressure, so the amount of separation of the molecules 
of an elementary gas into simpler groups of atoms is also in 
some cases dependent on the pressure only within wide limits. 
Thus the density of sulphur vapour varies with the temperature, 
but at a low temperature it appears to be independent of the 
pressured 

Density of SulpMir Vapov/r (air = l). 

Pressure. Temperature. 

660' 860° 1040° about 1400" 
2-93 2-23 2-24 2-20 





440° 


520° 


760 mm. 




6-62 


104 „ 


6-7 




60 „ 


6-3 





1 Naumann, Ber, 13. 1050, using the numbers of Crafts and Meier do, do, 
868 : also Crafts and Meier, Compt. rend, 92. 39. 
^ Troost, Compt. rend, 86. 1396. ' 
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The density of ozone is also independent of pressure within 
certain limits of temperature. 

For data bearing ou the subjects discuBsed in sections II. and III. 
of this chapter see Appendix IV. 



^^M Section IV. Solution and Hydration\ 

^^173. The addition of water to a concentrated solution of a 
chemical compound sometimes brings about the separation of 
the compound into two or more constituents. 

The amount of chemical change is frequently dependent on 
the relative masses of the water and the dissolved compound, 
and on the temperature. If the masses are kept constant the 
amount of chemical change, in some cases, increases as the 
temperature rises, and the original compound is re-formed on 
cooling. 

A saturated aqueous solution of ammonium acetate loses 
ammonia when a current of hydrogen is passed through it even 
at 0°, hence the aotution probably contains free ammonia, and, if 
80, also free acetic acid. An aqueous solution of ferric chloride 
undergoes partial separation iuto hydrochloric acid and a 
colloidal soluble form of ferric hydrate ; the amount of separa- 
tion increases as the dilution increases. An aqueous solution of 
ferric nitrate is also partially separated into its constituents ; 
the amount of separation increases as the temperature increases, 
the quantity of water being kept constant'. Aqueous solutions 
of chromic sulphate, chrome alum, ammonia-iron alum, potash- 
iron alum, and some other alums, appear to undergo partial 
separation into their constituents when heated. Some of these 
solutions yield precipitates of basic salts at moderately high 
temperatures'. 

I have been traced between such changes aa these 



1 It is not proiwsed folly to iJiaonsa thephenomcna of solution and hydration. 
Wq are interested in fhesa occTurenceB here in eo far as they ace coacenicd 
with thermoahemical changes. 

■ For details hoth of methods and ceenlts see O. Wiedemaau. Pogg, Ann. 
las. 1 : IS6. 177. 

" See 0. B. 0. Tiohborne, Cftem. Neai, 34. 202 ; 210. L, d 
ComgU rend. 19, lAQl. And A. Nanmann, £er. ft. 1.&3A. 
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and processes of dissociation. But even the simplest case of 
so-called ' dissociation in solution ' presents much more complex 
phenomena than a ease of true dissociation. The action of 
water has been compared to that of pressure ; dilution has been 
regarded as analogous to decreased pressure. In most of 
these so-called dissociations water ia one of the constituentB ot 
the dissociating system; hence, judging from the supposed 
analogy, we should expect the process to become slower, and 
finally to stop, as the quantity of water increases. But the reverse 
of this actually occurs. The water probably exerts two actions; 
one, which may be called physical, whereby an increase in the 
quantity of water gives greater freedom of motion to the 
particles of the dissolved substance, and also lessens the chances 
of combination between the separated constituents of the 
substance; and another, which may be called chemical, whereby 
an increase in the quantity of water determines the formation 
or decomposition of definite compounds which would not other- 
wise be produced. While an increase in the quantity of water 
may, in one respect, tend to increase the amount of chemical 
change, it may, in the other respect, exert an influence in the 
opposite direction. When the physical is much more marked 
than the chemical action of water, we shall have phenomena 
resembling those presented in gaseous dissociation '. 

174. The first part of Thomson's third volume is devoted 
to the consideration of solution in water, and hydration, of salts*. 

The heat of solution of a definite chemical substance is the 
total quantity of heat produced during the solution of a 
specified mass (generEdly one formula-weight) of that 
substance in a stated mass of water. 

The heat of dilution of a solution is the total quantity of 
heat produced during the dilution, with a specified mass of 
water, of a stated mass of solution the composition of which 
is defined. 

The heat of hydration of a compound is the total quantity 

' Bee Nanmann'B Thermoehemie, 1S8 — 167; and article 'Dissociation' in 
Neuei HandtcSrterbuch der Chemie, eapecinlly pp. 999—1002. 

' The following pare. (174—195) are a condensed tranalatiou of Ihonuen's 
book, vol. 3. pp. 3—216. 
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^^^hof heat produced during the comhinatioa of a specified | 
^^^Vmass of the compound with liquid water, with production . 
1^^^ of a definite hydrated salt. 

The initial temperature is alwaya approximately 18° 0. 

175. The following are the more important conclusions 
which Thomseu draws from his experimental results'. 

I. Heats of solution of dehydrated salts. 

(i) Those dehydrated salts which dissolve in water with 
evolution of heat also form crystallisable compounds with water, 
or they are completely decomposed by water. All salts which 
form crystallisable compounds with water do not however 
dissolve with evolution of heat. 

(ii) Those salts which do not form crystallisable com- 
pounds with water, and are not completely decomposed by that ] 
liquid, dissolve in water with absorption of heat. 

The first group comprises the dehydrated haloid compounds ' 
of Li, Ba, Sr, Oa, Mg, AI, Zn, Mn, Fe, Co, Ni, Cu, and Sn. To 1 
this group belong also CdClj and CdBr^, AuClj, and Nal ; 
KjCOj ; most of the salts of sodium, e.g. the sulphate, carbonate, J 
phosphate, borate, &c.; and alt the dehydrated salts of metals of ] 
the magnesium group. 

The second group comprises the haloid compounds of K,- 
Pb, Tl, Hg, and Ag ; Cdl, and AuBr, ; and the potassium-haloid 
compounds of Pt, Pd, and Hg. 

To this group belong also moat of the salts of potassium, e.g. 
the nitrate, sulphate, chlorate, dichromate &c. ; and many salts 
of Pb, Tl, and Ag. 

The two salts NaCl and NaBr belong to neither group ; 
they dissolve in water with absorption of a small quantity of 
heat; thus, 

[NaCl, Aq] = - 1,180 ; [KaBr, Aq] = - 190. 
These salts therefore do not belong to Group I ; they form ' 
crystallisable compounds with water and therefore do not be- 
long to Group II. I 

II, Heats of solution of hydrated salts. 
Lllost hydrated salts dissolve in water mth absorption of 

' Ue. I'll. 3. 20i— 216, 
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heat. Some however dissolve with evolution of heat. Among 
the latter are Li^SO^HjO, BeSO^iHaO, MnSO^SHjO ; and the 
haloid salts MgCl^GHjO, MnCl,4H,0, FeCl24HA CdCl22H,0, 
and CuCl,2H20. Thomsen supposes that those hydrated salts 
which dissolve with evolution of heat are capable of forming 
hydrates containing more water than is contained in the salt 
before solution. Thus he supposes that the salts MnClgGELjO, 
FeClaGHjO, CddaGHaO, &c. exist under certain conditions which 
have not yet been experimentally realised\ 

176. If the differences between the heats of solution of 
analogous salts are tabulated certain well-marked regularities 
become evident*. Thus, 

E [E»SO^ Aq] -[R«N'0«, Aq] 

K 10,660 

Na 10,520 

Tl 10,660 

NH^ 10,270. 

The difference has nearly a constant value. 

Again let us compare the differences between the heats of 
solution of haloid salts of various pairs of chemically analogous 
metals : — 

X [Na^Z^ Aq] - [K^X^ Aq] 

CI 6,520 = 2.3,260 

Br 9,780 = 3.3,260 

I 12,660 = 4.3,165 

PtjClg 22,300 = 7.3,186 

PtjBrg 22,250 = 7.3,179. 

The differtjnces are whole multiples of a constant, approxi- 
mately equal to 3,200. This constant appears again in the 
following difference : — 

[Li'Cl', Aq] - [Na^CP, Aq] = 19,240 = 6.3,207. 

The same constant is repeated in the following groups of 
differences : — 

S S' [S, Aq] - [S; Aq] 

MgCl, CaCl^ 18,510= 6.3,085 

CaCl, SrCl, 6,270= 2.3,135 

SrCl, BaCl, 9,070= 3.3,023. 

^ Loc, ciU 3. 208—209. ^ \^^ ^c. ciu 8. 211—213. 
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OaClCH.O 
CaBr,6H,0 


SrCl,6H,0 
SrBr,6H,0 


CuCl, 
CuBr, 


BaCl, 
BaBr, 


CuCl-2H,0 
CuCl,2H,0 


BaCl,2H,0 
SnC1.2H,0 


ZnOl, 
ZnBr, 
Znl, 


CdCl, 
OdBr, 
Cdl, 


Fe,C]. 


Fe,Ul. 
Au,Cl, 
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3,160= 1.3,160 
6,130= 2.3,065. 

9,010= 3.3,003 
3,270= 1.3,270. 

9,140= 3.3,047 
9,580= 3.3,193. 

12,620= 4.3,155 
14,590= 4.3,645 
12,270= 4.3,068. 

90,330 = 30.3,011 
54,460 = 18.3,025. 

177. The following numbers shew that there are definite 
relations between the values of the heats of solution of various 
haloid salts and the atomic weights of the metals on the one 
hand, and of the halogens on the other* : — 

BaZ», Aq] 
■SrZ^ Aqf 
"CaX^ AqJ 
:MgX^ Aq] 

TFX^ Aq" 
K'X^ Aq; 
Na^Z^ AqJ 
U'X', Aq] 

The heat of solution of these analogous haloid salts is greater 
the greater the atomic weight of the halogen^ and, the halogen 
being the same, the smaller the atomic weight of the metal. 

Z=I 
• 11,310 



Z=01 


Z=Br 


Z=I 


2,070 
11,140 
17,410 
35,920 


4,980 
16,110 
24,510 


27,690 


- 20,200 

- 8,880 

- 2,360 
+ 16,880 


- 10,160 

- 380 


- 10,220 
+ 2,440 



■ZnZ^ Aq] 
'CuZ^ Aq] 
■CdZ^ Aq 
■pbZ», Aq 



Z=C1 

15,630 

11,080 

3,010 

- 6,800 



Z=Br 

15,030 

8,250 

440 

- 10,040 



-960 



In these cases the heat of solution is smaller the greater the 
atomic weight of the halogen, and, the halogen being the same, 
the greater the atomic weight of the metal ^. 

The following chlorides exhibit heats of solution which 
increase as the atomic weight of the more positive element 

1 Thomsen loc, cit, 3. 213—215. 

^ The potassium salts are exceptions to this statement. 

' The copper salts form exceptionB to \>\u.b ^\i^\>Qm<^xi\« 
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decreaaes; they are in this respect similar to the chlorides of the 
alkali and alkaline earth metab : — 



1 



[M'Cl', Aq] 



[MCr.Aq] 



8,900 


Sn 


29,920 


17,600 


Ti 


67,870 


36,160 


Si 


69,260 


63,390 






130,280 






153,690 







178. The difference between the heat of solution of a dehy- 
drated salt and that of the same salt combined with a definite 
quantity of water represents the heat of hydration of the 
specified hydrate. Thus consider the fullowing numbers : — 



[ZnSO'iiH'O, Aq] 

18,434 
9,950 
7,604 
5,258 
3,513 
1,335 

- 843 

- 4,260 



Henae thennal value of the oombtnat^ 
I of the Hth HjO. 

8,484, 
t 2,346 

; 2,346 m 

l,745( valueof each 

2,178 H,0=3,242. 
i 2,178 

3,417 



□ thermal 



179. Thomsen has examined about 40 salts in this way. 
The mean thermal value for the combination of one molecule 
(H,0) of water' varies from 5,495 for MgCl, to 1,125 for CdCl^ 

The heat produced in a process of hydration wherein a 
solid hydrate is formed is due in part to the solidification of 
the water and in part to the chemical action which takes place. 
In every case examined by Thomsen, with the exception of 
cadmium chloride, the mean heat of hydration per molecule of 
water combined was greater than the heat of liquefaction of one 
molecule (HjO) of water, 

180. But when we look at the thermal values obtained for 

'the combination of each molecule of water with the different 
salts we find that these values exhibit great variations. The 
s of hydration is evidently a complicated one. 



' That IB tlievalae oflhe reaolion I where S = deliydratedBalt, and 

Wit^iaaximum nombei of water iaol9ovlea<«^(iiiwiKAini«<^i&w.'v^. 
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Thomsen classifies the salts which he has examined in 
accordance with the number of water molecules which combine 
to form the highest hydrate. Let ua consider the results thus 
obtained '. 

181. I. HydrateA salts of the getieral form S.IOHJ); and 
S. 12Hfi. 

(i) NajP,O,.10H,O. This is the only salt examined in I 
which the thermal value of the addition of each molecule of 
water is the same, viz. 2,352 units. 

(ii) Na^HPOj. 12H,0. Sum of the thermal values of first 
and second molecules' of water =6,030. Mean value of each 
molecule from third to twelfth (inclusive) = 2,244. Mean value 
for each molecule = 2,372. The process of hydration approaches 
that of Na^PjO, in the near equality of the thermal value of . 
each molecule of water. 

(iii) Na^SOj . lOH^O. Mean vahie per molecule of water = 
1,022. Value of first molecule = 2,360 ; value of each of the | 
following nine molecules = 1,873. 

(iv) NaijCO,, lOHjO. The values of the various molecules I 
of water shew great differences. The first has a larger value J 
than any other, viz. 3,382 ; then follows the second = 2,234 ; then j 
come sis molecules arranged in three paii's the value of each 1 
pair being only very little different from that of any other, thus, 
third and fourth = 2 x 2,120, fifth and sixth = 2 x 2,076, seventh ' 
and eighth = 2 x 2,118. Finally the ninth and tenth molecules 
have smaller values than any of the others, viz. 2 x 1,764. 

182. II. Salts of the general form S.GHfi; SABfi; and 
S.2Hfi. 

The salts examined were these : — 

' Loe. cit. a. 16a— iBi. 

' The eipieBaion 'thermal value (or sometimea simply value) of ths Biat 
(or aecond &c.) molecttla of water ' will be used. The esaet meaning of Uua 
phmse ia 'the number of gram-nmta of beat produced during tJie CormntioD of the 
bydmto S.HjO from the salt 8 and H^O, or of the hydrate S.2HjO from the 
hydrate S . H,0 and HjO, or of the hydrate S . 3a,0 from the hydrate S . BHjO and 
HjO, &a., where 8 = the formula-iyeigbt of the specified salt in grama, and 
HgO = 18 grama of liquid water.' It should not be forgqtten that 4'^T:'ii*sam 
operatJDfl ia aonooted by the expression '(liBrmB^feilaQ ol Bi'4tatot'Ku^^^£fi>'>^' 
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Na,PtCI..6H,0 
K.Mg(S0,),.6H,0 
K,Zn(S0l.6H,0 
K,Cu(SO ),. CH^O 
£,Mn(S0.),.4H,0 



Sr01,.6H,0 
SrBr,.6H„0 
CaC],.6H,0 
MgC],.6H,0 
BaCL.2H,0. 



The hydration of the five double salts presents the phenomeni 
Eummarised in the following table. 

Thermal valus of tite cmibiiiation of lite nih molecule of H^O. 



Na^Cl. 


K;ag{soj, 


K Zu(SO,), 


K,C.i{80.), 


K,Mn(SO,) 


2.4,320 


2.4,930 


2.3,731 


2.5,303 


2.4,648 


2.3,540 


2.2,950 


2.2,728 


2.2,993 


2.1,760 


2.2,735 


2.2,430 


2.3,445 


2.3,186 


- 



Sum 19,170 20,620 19,808 23,964 12,816. 

The thermal phenomena accompanying the hydration of the 
chlorides belonging to this group are presented by Thomsen as 
follows ; — 

Thermal value of tits combiTiation of the nth molecule of H,0, 
« SrCl, SrBr, OaCl, BaOl, MgCl, 

6.1501 ^..« 3,170) 



5,260 
3,800 

2.2,460 2.3,100) 

3,1 60t 

3.2,330 4,020) 



7,440 



20,940 

3.4,370 
3,290 



Sum 18,640 23,330 21,750 7,000 32,970. 

The hydration of the double salts in this group is character- 
ised by great symmetry ; the water molecules seem to be com- 
bined in three pairs, the thermal value of the first pair being 
much greater than that of the succeeding pairs. The haloid 
salts of this group do not exhibit this symmetry so fiiUy as the 
double salts; the value of the first molecule of water is generally 
greater than that of the second. 

183. III. Salts of tlie general foi-viS.lHJ); and S.bH J). 
The salts examined were MgS0,.7H,0, ZnS0,.7H,0, 
CuSO^ . 5B,0, and MnSO^ . 5H.p, ^^^he results are these :— 
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Thermal value of the cornMnation of the nth molecule of H^O. 

n MgSO, MnSO, ZnSO, CuSO, 

1 6,980 5,990 8,480 6,460 

2 2,300 1,600| 2234g ^ 3 ^^^ 

y 2.3,400 2.1,9801 ^^^^^ ^,180 

1} 2.2,170 2,200J 22173 3,410 

7 3,660 — 3,418 — 



Sum 24,080 13,750 22,690 18,550. 

Here we see that the value of the first molecule is much 
greater than that of any of those which succeed it. The value 
of the last molecule (in the case of MgSO^ and ZnSO^ the 
seventh, and in that of the other two salts the fifth) is greater 
than that of any other except the first. Each heptahydrated salt 
contains two pairs, and each pentahydrated salt one pair, of 
water molecules, the thermal value of the combination with the 
rest of the salt of each molecule in any of these pairs being 
equal to that of the other molecule in the same pair\ 

184. When an acid, an alkali, or a salt, is dissolved in water, 
is a hydrate, or a series of hydrates, produced? Does the 
evolution of heat during solution, or dilution, necessarily point 
to the formation of chemical compounds ? 

Such questions as these are considered by Thomsen in the 
first part of his third volume. The data accumulated repre- 
sent the thermal values of the solution and dilution of 9 acids, 
3 alkalis, and 35 salts'. 

Let us take one or two typical cases and treat them in some 
detail 

185. Sulphuric Acid. 

(i) Heat of solution of the anhydride SOg. 

m [SO^mffO] m [SO'wH'O, H'O] 

0-5 12,010 21,320 

1 21,320 1 6,379 

2 27,699 2 3,039 

3 30,738 3 1,719. 
1600 39,165 

1 In connection with these results see Pickering, C, S, Journal^ Trans, for 
1884. 686 ; and 1885. 100. 

' For an account of the experimental methods and the ni^^^'e.^T^ ^'^X$^^:i^&^k<sv^a. 
see Thomsen Ipc, cit. 8» S9 — iS, 



1 
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These numbers shew that rather more than one-half of the 
heat produced by adding a practically infinite quantity of wat«r 
to the anhydride SO, is produced by the addition of the first 
molecule of water; and also that the addition of the second 
molecule of water produces less than one-third of the quantity 
of heat produced by the addition of the first molecule. Hence 
there can be little doubt that the product of the mutual action 
of SO, and H,0, in the proportion expressed by these formuliE, 
is a definite hydrate. This conclusion is confirmed by the 
preparation of the definite hydrate in question, viz. H^SO,. 



f dilution of the liquid hydrate H,SO, 


[H'SO'.mH'O] n 


[H'SO*, TiH'O] 


6,379 49 


16,684 


9,418 99 


16,858 


11,137 199 


17,065 


13,108 399 


17,313 


14,962 799 


17,641 


16,256 1599 


17,857. 



19 

These numbers are thrown into the form of a curve in the 

plate facing p,-lwft The curve -dB gives the thermal value of the 

addition of water up to 20 molecules, the abscissa; representing 

numbers of water-molecules and the ordinates gram-units of heat 

evolved. The heat of dilution for 20 to 200 molecules H,0 is 

shewn by the curve ah where the abscissae are on a reduced 

scale. The curve shews no appearance of any irregularity which 

one would expect to find were a definite hydrate formed by 

dilution. The heat of dilution approaches a maximum and 

appears to be a hyperbohc function of the quantity of water. 

Such a function may be most simply expressed by the formula 

nC 

^~ n-\-r 

where G and r are two constants for which approximate values 

may be obtained. The following values for these constants are 

obtained from the first five numbers in the preceding table : — . 

C= 17,860 

r = 1-7983. 

This formula may then be applied to calculate the value of 
the heat of dilution of sulphuric acid for diScrent masses of 
water. ■ 
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tus i£y = heat of dilution for n Hfi we have 



The following table presents the calculated and observed I 
results up to a dilution of 20 molecules H,0 : — 



difer, 






[H 


SO 


mH'O] 


observed 






calculated 


6,379 






6,382 


9,418 






9,404 


11,137 






11,167 


13,108 






13,135 


14,952 






14,886 


16,256 






16,315 



17,857 



17,840 



+ 17. 

= 00 the formula gives the heat of dilution as 17,860 j 
Bta, which is practically identical with the number obtained I 
when n = 1599; nevertheless if the observed values for 50, 100, ] 
200 &c. molecules H^O are compared with the values calculated ' 
by the formula considerable diiferences are evident Thus, 



I 



n 


observed 


ccdmUded 


19 


16,256 


16,315 


49 


16,684 


17,228 


99 


16,858 


17,541 


199 


17,065 


17,701 


399 


17,313 


17,780 


799 


17,641 


17,831 


699 


17,857 


17,840 



difference 



17. 



Thomaen thinks that these differences are to be accounted 
for by the very probable supposition that the production of heat 
is the accompaniraent of (1) the action of the water on the 
acid; and (2) the contraction in the volume of the Hquid, 
whereby heat is produced in accordance with a law different 
from that which expresses the production of heat in the first 
action. 

There can he little or no doubt however that these results 
point to the non-formation in aqueous solutions of SO, of definite 
hydrates, except that one the composition of which is expressed 
by the formula H,SO,. 
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186. NrrBio Aero. 

The heat of dilution of the acid HNO, for one to five mole- 
cules H,0 agrees very closely with that calculated by means of 
the formula 

^ ». 8.974 
^~n + l-7S7' 
The constants 8,974 and 1-737 are obtained from experimental 
results. 

The following table presents the observed and calculated 
values of the heat of dilution ; — 

[KNO', hH'O] 



0-5 



hserved 


calculated 


difference 


2,005 


2,008 


- 3 


3,285 


3,285 





4,160 


4,160 








4,808 





5,276 


5,301 


-25 


5,710 


5,690 


+ 20 



4 — 6,266 — 

5 6,665 6,668 - 3. 

On further dilution the observed numbers are rather smaller 
than the calculated, but the value of the heat of dilution scarcely 
increases after the addition of five molecules H^O, Thus for 20 
molecules it is equal to 7,468, and for 320 molecules it is 7,493 
units. 

The foregoing results are represented graphically in the 
curve AC in the plate facing this page. The heat of dilution 
is a continuous function of the quantity of water added ; there 
are no irregularities such as would point to the production of 
definite hydrates of HNO^. 

187. Phosphoric Aero. 

Thomson's results are represented by the curve AD in the 
plate. This curve is analogous to those for the two acids already 
considered. There is no evidence of the formation of any definite 
hydrate of H,PO,. 

The curve AE (plate facing this page) represents the heat of 
dilution of alcohol. This curve closely resembles the curves for 
the acids H^SO^ HNO,, and H^PO^. There are certainly no 
i/drates formed when alcohol is diluted with water. 



I 
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Htdkochlobio Acid. 



IF 
Wihe heat of dilution of a concentrated aqueous solution of 
ydrochloric acid, witli a quantity of water varying from 2'G2 to 
200 molecules H,0 for eacli molecule HCl, follows the same law 
as that observed in the cases of sulphuric and nitric acids. 
Thomsen's results however point to the existence of a definite 
hydrate containing hydrochloric acid and water in the proportion 
HC1.H,0. 

The formula abready given representing the heat of dilution 
of an acid as a continuous hyperbolic function of the quantity 
11^ Ijf water added, viz. 

i . -^' 

%]I1 assume the following form if an aqueous solution of an acid 
containing n molecules H^O for each molecule acid is diluted 
with m molecules H^O : — 

^^B'*''~^*~\n + m^r~ n + r) ~\n + r~n + m + r) 
^^^ If m is made very large the heat of dilution will approximate 

to the value . 

n + r 

The experiments with hydrochloric acid shew that when m 
is very large the heat of dilution is nearly inversely proportional 
to the quantity of water originally present j that is to say, the 

heat of dilution of the acid HCl . n'H,0 is equal to -7 . The 



that is when a portion of the water originally present, n', is 
regarded as present not in the form of water but in definite 
combination with HCl. 

Now other experiments conducted by Thomsen' have esta- 
blished a considerable probability in favour of the hypothesis 
that an aqueous solution of hydrochloric acid contains the 
hydrate HCl . H,0, Assuming the existence of this hydrate, 

it follows that n = n' — 1, and the two expressions and 

n-i-r 

' See lue. ciL 2. 430—414. 
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— become identical when the constant r is taken as equal to 

unity. 

The esperimental results give the value of the other constant 
C as 11,980. The heat of dilution of the acid HCl . n'B,0 with 
m molecules H,0 is then expressed by the equation 

2/=f-,--J— Vl,980; 
•' \n n +mj 

where y = [HCl . ji'H'O, mH'O]. 

The following table exhibits the observed and calculated 

values of y : — 

[HCl. n'H'O, mH'O.] (Temp. 15"— 18"-5.) 







observed 


calculated 




2-618 


51-1 


4,285 


4,343 


-58 


2-618 


91-7 


4,372 


4,466 


-84 


2-672 


5S-6 


4,272 


4,271 


4- 1 


3-206 


71-2 


3,587 


3,569 


+ 18 


3-206 


61-3 


3,545 


3,541 


4- 4 


3-535 


74-1 


3,295 


3,228 


+ 68 


3-636 


85-6 


3,320 


3,249 


+ 71 


5-033 


51-8 


2,157 


2,144 


+ 13 


6-023 


49-7 


2,153 


2,154 


- 1 



25 50 213 240 -27 

50 100 U6 120 - 4 

50 200 196 180 +16. 

The small differences between the observed and calculated 
values of the heat of dilution shew that the hypothesis that an 
aqueous solution of hydrochloric acid contains the hydrate 
HCl . H,0 is very probable'. 

The formula given above for finding y would represent the 
heat of dilution of one molecule gaseous HCl with 300 H^O as 
equal to 11,940; the value actually observed by Thomsen was 
17,516 units. The difference, 5,376 units, represents the thermal 
value of the absorption of one molecule gaseous HCl by water 
■with formation of the liquid hydrate HCl . H.p. 

The numbers obtained for the heats of dilution of HBr and 
HI point to the existence of the hydrates HEr . H,0 and HI . H,0 
respectively. 

' For more detoilfl Bee ThoniBen, ioc. cU. 3. 11—13 ; and flS — 73. 
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189. Acetic Acid. 

The variation of the heat of dilution of pure C^H^Oj with 
varying quantities of water shews great diflferences from the 
results observed in the four preceding cases. The following table 
presents Thomson's results^ : — 



n 








n + m 














0-5 


1 


1-5 


2 


4 


8 


20 


50 


100 


200 





-130 


-152 


-165 


-156 


-111 


- 2 


+ 173 


278 


335 


375 


0-5 




- 22 


- 35 


- 26 


+ 19 


+ 128 


303 


408 


465 


505 


1 






- 13 


- 4 


+ 41 


150 


325 


430 


487 


527 


1-5 








+ 9 


54 


163 


338 


443 


500 


540 


2 










45 


154 


329 


434 


491 


531 


4 












109 


284 


389 


446 


486 


8 














175 


280 


337 


377 


20 
















10^. 


162 


197 


50 


















57 


94 


100 




















40 



These results are represented graphically^ in the curves on 
p. 162. AB shews the heat of dilution of Gfifi^ with HgO vary- 
ing from 0*5 to 20 molecules ; A'B^ shews the heat of dilution 
with T3.fi varjdng from 0*5 to 200 molecules, the abscisssB being 
10 times smaller than in AB. 

These results shew : 

(1) That heat is absorbed on dilution of liquid Gfifi^ with 
water until the amount of water added exceeds the proportion 
of C^H.O^ : 8H3O. 

(2) That the maximum heat-absorption, viz. 165 units, 
occurs when the acid and water are mixed in the proportion of 
C,H,0, : l-SH^O. When water is added to C^Rfi^ . 1|H,0 heat 
is evolved. 

(3) That heat is evolved when the quantity of water added 
exceeds the proportion C^H^Og : 8H2O, and that the quantity of 
heat evolved increases regularly with increase of the water; 
when 200 H^O is added to OgHp^ 375 units of heat are evolved. 

1 Loc. ciU 3. 78. ^ 

' This and the preceding graphic representations are taken from Thomsen's 
Untersuchungen. 

M. T. a W 
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If a solution containing acetic acid and water in the pro- 
portion C,H,0,-.1JH,0 is diluted to C,H,0, . 200H,O, 540 units 
of heat are evolved; whereas if the liquid acid O^HjO, is It- 
self diluted to CjH^O, . 200H,O only 376 thermal unite are ^ 
evolved. 

Although the quantity of heat absorbed on dilution of 
C,HjOj reaches a niaKimum when 1^ molecules of water are 
added, yet it is almost certain that no definite hydrate is formed 
having the composition C^H^O,. l^H^O. The heats of dilution 
of GJIfi^ . H,0 aod C^H^O, . 2H^0 are nearly the same as that 
of OjHjOj, l^HjO; further the quantity of heat absorbed on 
adding ^H^O to C^H^Oj is 130 units, whereas the quantity pro- 
duced on addition of the second, third, and fourth ^H^O is only 
— 22, — 13, and + 9 units respectively, so that the total increase 
in the quantity of heat absorbed when the water increases from J 
to 1^ molecules is only 35 units. 

When liquid acetic acid is diluted with water contraction 
occurs. The following numbers' shew that the amount of con- 
traction increases as the quantity of water increases, and ap- 
proaches a maximum of about 4'S c.c. 

Volume of C^H^, grams (20") = oT'SO cc; addition of xB.fi 
grams causes contraction of 



^Bl^«>^ 



1-53 I 2-26 I 3'11 I 3'69 | 3'97 | i-27c.c, 
Now contraction of volume is accompanied by evolution of 

heat: but the contraction which occurs on addition of water to 

acetic acid is accompanied by absorption of heat until 8H,0 ia 

added to C,HjOj, and then by evolution of heat. 

The contraction in the case of acetic acid is very nearly 

represented by the formula 

where c = contraction, and 7i = number of molecules of H^O 
added to one molecule of CjH,Oj. Now putting specific 
gravity — S, we have 

volume ' 
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and in the case before us (C,HjO, = 60) 



1 



57'30 + 18.I-0018'.n 



lAS 



n+Vl 

Hence the specific gravity of an aqueous solution of acetic a«id ia 
a complex function of n, that is of the number of molecules of 
water added to the acid. By differentiating, a maximum specific 
gravity ia found when n=l-02, which agrees very well with the 
observed numbers. But this maximum ia chiefly conditioned 
by the contraction, and not by the chemical composition, of the 
liquid. Hence, Thomseu concludes, the contraction of volume 
which occurs when acetic acid ia diluted with water is a physical 
phenomenon and does not indicate the formation of any hydrate' 
of C,H,0^ 

190. Formic Aero, and Tabtabic Aero. There is no indica- 
tion of the formation of hydrates in either case. The heat of 
dilution of formic acid is + 124. for ^H,0, and + 172 for H,0. 
The heat of dilution of a solution of 0,HaOj . SH^O is a negative 
quantity', the value of which varies from — 3,240 for 6HgO, to 
- 3,596 for 200 H,0. 

191. Thomsen has studied the heats of dilution of the three 
alkaline solutions' 

KOH . 3H,0, NaOH . 3H,0, and NH„ . 3H,0. 
The beat of dilution in each case is a positive quantity; 
that of NH, . 3H,0 is very much smaller than that of KOH . 3H,0 
or NaOH . SH^O. There is no indication of the formation of a 
hydrate in any of these solutions'. 

192. When a dehydrated salt ia dissolved in water and the 
solution is diluted it is possible that a hydrate (or hydrates) may 
be at first formed and then again separated into salt and water. 
The questions to be considered in examining the numhera repre- 
senting the beats of solution and dilution of salts are thus two': — , 

' l-0018 = vol. at 20" of Ice. water taken at #. 
'' Setf furtlier Thoniaen, loc. cit. 3. 13— IS ; and 77—80. 
' See for fuller detnUa Thomaen, loc. cit. 3. 16 ; and 80—93. 
* The liydralea KOH . 3H,0, and NaOH . aH^O are choaen as startina points 
becauBB these hjdratefl are liquid at oidinaty temperatuiea. 
' Loc. cit. 3. Ifj ; and K2— 86. 
" Tbomaen, loc. cit. 3. 20— S4. 
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(i) Does a partial decomposition occur when a saline solu- 
tion is diluted ? 

(ii) Does the aqueous solution of a specified salt contain 
definite compomids of that salt and water ? 

193. I do not propose to consider Thomaen's results in 
detail but rather to give a condensed translation of his conclu- 
sions (loc. dt 3. 28 — 34). 

We have already had before us Thomaen's classification 
of dehydrated salts in accordance with the positive or negative 
values of their heats of solution (see par. 175). Of the 35 salts, 
solutions of which Thomsen has examined with regard to their 
heats of dilution, 18 form crystallisable compounds with water*, 
dissolve in water with evolution of heat, and exhibit positive | 
beats of dilution. The 18 salts in question are these : — 
CftOl,, MgC]„ ZnOl,, NiOl,, CuOl,; K0,H,O„ N"aO,H,0., (NH^) 
O.H,0„ Zd(C,H,0,),; MgNA-MnNjO,, ZnN,0„ CuNA; MaHSO„ 
Mg80„ MnSO., ZnBO„ CuSO.. 

Of the remaining 17 salts examined, 11 dissolve in water 
with absorption of heat, eshihit negative heats of dilution, and 
do not form crystallisable compounds with water at the ordinary 
temperature. The salts are these : — | 

NaCl, (NH.)C1, KBr, KON; (NHJ, SO,; (lSrH,)HCO,; NaNO,, 
(N"H.)NO„ SrN,0., PbN.O, ; (NH,),0,H,O„. 

There is evidently then a definite connection between the i 
heat of solution of a dehydrated salt and the heat of dilution of | 
an aqueous solution of the same salt. j 

194. The heats of dilution of the following four salts are 
negative, although these salts form crystallisable compounds 
with water and dissolve in water with evolution of heat: — KjCO^, 
Na^COj, Na,SO,, Nal. Now when a salt forms a definite crystal- 
lisable hydrate, and also dissolves in water with evolution of 
much heat, Thomsen thinks there can be little doubt of the 
existence of a hydrate (or hydrates) of that salt in an aqueous 
solution of the salt. But we have scarcely any data for finding 

1 Except NaHSO^ which is decomposed by water, and ECjHjOj and (NHJ 
CjHjOj which are rery soluble itt water at orcliiiarj tiem^ttAuwi. 



166 APPLICATIONB OF THERMAL METHODS. [CHAP.IV.gg 195, 196. 

the composition of the hydrate or hydrates in such a solution'. 
Thomsen thinks it is probable that a salt io aq^ueous solution 
cannot combine with a greater number of molecules of water than 
are already combined with the aeid and the base which by their 
union produce the salt If this hypothesis is adopted the extent 
of hydration of a salt in aqueous solution must be conditioned by 
the nature both of the acid and the base. Hence it is quite 
possible that the constitution of dilute aqueous solutions of two 
salts may be different, although both form definite crystallisable 
compounds with water, and both dissolve in water with evolu- 
tion of heat. 

195, There yet remain two salts of the 35 examined by 
Thomsen, which exhibit negative heats of dilution, viz. 

KH80, and (NH,)HSO.. 
But Thomsen has shewn that aqueous solutions of these salts, a& 
well as of other acid sulphates, are decomposed by water, into 
neutral sulphate and free acid*. The heats of dilution of solu- 
tions of KHSOj and (NHJHSO, are doubtless complex 
functions of the heats of dilution of the constituents of these 
solutions, viz. K,SO„ or (NH,),SO,, and H,SO.. 

196. Considering the whole of his investigation on the 
heats of solution and dilution of acids, alkalis, and salts, 
Thomsen says that the results he has obtained are altogether 
opposed to the supposition that ac|ueou3 solutions of these 
compounds contain various hydrates differing in composition 
according to the quantity of water present^. His results rather 
point to the hypothesis that when an acid, an alkali, or a salt, 
dissolves in water, either a hydrate is formed and dissolved as 
such, or the compound is dissolved without combination with 
water ; and that an increase in the quantity of water does not 
affect the chemical composition of the solution. At the same 
time the dilution of concentrated solutions of salts, alkalis, and 
acids, is always accompanied by evolution or absorption of heat. 

1 The necesBai-y data wotild involve determination a of the speoifio gravitiea, 
spedfio heata, tranBpiration-ooeffieients, retraetive energiea, and other physicttl 
Qonatanta, of the eoluilons in qncatiou (Thomeea, S. B3j. 

* Bee loe. cit. 3. 30 : alBO 1. 132—141, 

» Zae, cit. 3. 32. 
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The value of this thennal change always varies with variations 
in the quantity of water of dilution, and this variation, whether 
positive or negative, seems to have the character of a h3fperboUo 
function of the quantity of water added. 

The cause of the variations in the values of the heats aim 
dilution ia therefore prohably one and the same for all thel 
solutions examined, 

Thomsen would find this common cause in changes of the ^ 
states of motion of the particles of the solutions. When two 
liquids mix without any tendency to separation, it is suggested 
that such changes in the motions of the two kinds of particles 
occur as result in the formation of a homogeneous liquid, the par- 
ticles of which are in equilibrium because the mean motions of 
the different kinds of particles are the same. But this mutual 
accommodation {Accomodirung) of the particles is accompanied 
by a transference of enei^y from one kind to the other. In 
these transferences of energy Thomsen finds the cause of the 
thermal changes, positive or negative, which always attend the 
dilution of aqueous solutions of acids, alkalis, or salts. 

197. Whether the explanation suggested by Thomsen of 
the cause of the thermal changes which occur when water is 
added to saline solutions is or is not to be accepted must 
depend on the results of further investigations. The generally 
adopted ' hydrate theory ' of solution can scarcely be expected 
to survive the dissemination of Thomsen's researches. 

198. This theory has also of late been shewn to be un-- 
tenable in a series of important papers on the nature of' 
solution by W. W. J. Nicol'. A detailed consideration of the 
contents of these papers would lead us too far afield ; we may 
however glance at a few of the points which have a definite 
connection with thennal chemistry. 

The solution of a salt in water is usually (but not invariably) 
accompanied by contraction; in other words, the specific gravity 
of the solution is usually greater than that calculated from the 
known specific gravity of the solid salt and that of water, If it is 

■ Proc.R.S.E. lBSI-82. 819: Phil. Mag. (5)10. ill; C. S. Jviimal, TranB. for 
I88S. 13S ; Phil. Slag. (5) 16. 121 ; do. (5) IT. 150 : do. (5) 17. 137 ; do. (5| 19. 
179 ; do. (6) 18. 361 : Ber. IT. 492. 
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aBaiuQed (as has been done) that this contraction occurs only in 
the water, we can calculate the quantity of heat which must be 
evolved by the operation, and we can then compare this with 
the observed thermal value of the solution of the salt. The 
following numbers are given by IFavre and Valson': — 



1 



[B.iii] 


Heat produced by Dontraotion 


TheriDBl valne of (he 


S 


it 1Mb ocGura only in the water. 




SrBr,.6H,0 


31,820 


- 6,220 


CuSO,.6H.O 


125,760 


- 2,580 


SrN,0..4H.O 


63,640 


- 12,830 


Na.f..4H,0 


66,670 


- U,770. 



If we accept this interpretation of the contraction which 
usually occurs during solution, we must be prepared to modify 
our prevalent conceptions regarding solution, and the ail- 
ments bearing on the chemical composition of saline solu- 
tions which are founded on these conceptions. But Nicol 
has shewn that the total contraction observed in a saline 
solution increases as the quantity of salt in solution increases, 
but at the same time the amount of contraction produced by 
each successive formula-weight of salt added is less than that 
produced by the preceding formula- weight. Nicol's experi- 
ments also shew that when the solubility of a salt increases 
considerably as temperature increases the contraction on solu- 
tion is less at high than at lower temperatures ; but that 
contraction is nearly independent of temperature when solu- 
bility is also nearly independent of temperature. Now if a 
large portion of the total heat of solution of a salt is due to 
contraction of the water, the heat of solution should be less at 
high than at low temperatures when the contraction is less, and 
should be nearly independent of temperature when the solu- 
bility is independent of temperature. But Berthelot has found 
that the heat of solution of a salt is, as a rule, greater at high 
than at low temperatures". Even when two saline solutions 
are mixed without the occurrence of chemical action, — e.g. 
solutions of potassium and sodium chlorides, or a concentrated 
solution of one of these salts with a less concentrated solution 
of the same salt, — contraction sometimes occurs unaccompanied 
by any thermal change'. 

1 Compt. rend. 17. 579 ; eee tdao Nanmann'H Tbermochemie, 363—6. 

'Jm. Ohim. Phg). (6).4. 38. ' BeeHiaol, C. S. Jmmiol, Tniu. far 1B8S. 1S5. 
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It ia scarcely possible then to assign the total contraction 
noticed on solution to the water alone. It is much more likely 
that the contraction is due to the mutual actions of the particles 
of water and of salt. Nicol developes a theory of solution 
founded on this conception of mutual attractions between (1) 
water and water particles, (2) water and salt particles, and (3) 
salt and salt particles. 

Now the attraction of salt particles for salt particles may be 
lessened by fusion ; and we have already learned (ante, par. 131) 
that the quantity of heat absorbed on solution of a salt after 
fiisioQ and rapid cooling is generally less than that absorbed 
whea the salt is dissolved before fusion. In this case there ia 
le.ss mutual attraction between the particles of the salt after 
fusion than before ; hence less work has to be done by the 
water in separating the particles ; and hence there is leas loss 
of energy to the syst-em of water and salt. 

Again the greater the quantity of sjtlt in solution the smaller 
will be the result of the attraction of dissimilar particles (water 
and salt), and the greater the result of the attraction of 
similnr particles (salt and salt) ; hence the amount of contraction 
produced by each successive particle of salt should be less than 
that produced by the preceding particle. Experiment con- 
firms this anticipation. Once more if change of temperature 
largely modifies the solubility of the salt, it will also largely 
modify the results of the various attractions ; in other words 
the contraction on dilution of salts whose solubility varies much 
with temperature will be largely affected by changes of 
temperature. This is confirmed by experimental results. 

Any condition which increases the attraction of the water- 
particles for the salt -particles ivill increase the solubility of the 
salt; as the quantity of salt in solution increases, the attraction 
of salt-i)articles for salt-particles will increase ; when these two 
attractions are balanced the solution will be saturated. 

Increase of the quantity of water will increase the attraction 
of water-particles for salt -particles, and decrease the mutual 
attraction of salt-particles. But this change will be accompanied 
by changes of motitm of the particles and hence by changes of 
energy. Hence dilution of a saline solution must be attended J 
with some thermal change until so much water ia ^reseat tJa 
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addition of more has no sensible effect on the attractions of the 
diGferent kinds of particles present. 

199. The heat of hydration of a solid salt, — that is, the 
quantity of heat produced by the combination of a specified 
mass of water with the quantity of the salt expressed by its 
formula to produce a definite hydrated salt, — is evidently a 
complex function of the nature of the salt and the number of 
molecules of water combined (see pars. 179 — 183). No hydrated 
salt examined by Thorns en, with the single exception of 
NajPjO, . 10E[,O, exhibited identical thermal values for the 
combination of each molecule of water. 

The difference which is commonly expressed in the terms 
' water of constitution ' and ' water of crystallisation ' is evidently 
a real difference, but, in so far as we may judge from tbermo- 
chemical data, it is strictly a difference of degree and not of 
kind. What may be called water of constitution in one salt 
must be termed water of crystallisation in another. Like most 
expressions used in chemistry for marking off classes of pheno- 
mena, these terms have been employed in too absolute a 
manner. Does the difference implied in the terms in question 
continue when salts are dissolved in water? This question 
has been considered in pars. 184 — 196. 

Thomsen has undoubtedly done a piece of most excellent 
work in hia thermal study of the phenomena of solution and 
dilution. He has cleared away a number of false conceptions 
wbich have been very harmful in thermochemical speculations. 
It may be, as suggested by Nicol, that an aqueous solution of a 
hydrated salt does not, as a rule, contain the hydrate as such. 
At any rate Thomsen has proved that hydrates are not usually 
present in aqueous solutions of acids and salts ; and moreover, 
and this is moat important, that dilution of auch solutions does 
not produce hydrates, nor does addition of water to a solution 
containing a hydrate tend to produce other hydrates. 

Thomson's investigations, like those of Nicol, establish the 
fact that large thermal changes may be the accompaniments of 
physical actions even in circumstances where we should at first 
sight interpret the thermal changes as indices of chemical 
actions. 

Finally a study of the tbeimodie'iaVcaViesftaich.ea summarised , 
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in the paragmphs of this section convinces us that in dilate 
aqueous solutions of acids, alkalis, and salts, the mutual attrac- 
tions between this kind of particles and that, and the trans- 
ferences of energy between the different kinds of particles, have 
resulted in the production of homogeneous liquids which are 
chemically comparable. Hence trustworthy conclusions regard- 
ing the mutual chemical actions of the constituents of such 
liquids may be drawn from measurements of the thermal 
changes which occur when the liquids are mixed. This 
conclusion has an important bearing on many thermochemical 
investigations, e.g. on Thomson's investigation of the relative 
affinities of acids. 

Foi' data regarding solution, dilution, and hydration see 
Appendix V. 
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CHEMICAL INTERPRETATION OF THERMAL DATA. 



200. Evert chemical reaction consists of two parts; a trans- 
formation of matter, and a transformation of energy. The transfor- 
mation of energy is measured by the quantity of heat evolved or 
absorbed in the passage of the changing system from one definite 
state to another, provided the conditions are so arranged that 
all the energy entering or leaving the system shall enter or leave 
in the form of heat. The transformation of matter, so far as it 
ia a chemical transformation, is measured, when we know the 
ma^es and composition of the constituents of the system in the 
initial state, and the masses and composition of the constituents 
of the system in the final state. But proceeding along with 
the chemical transformation there is usually, if not always, a 
physical change. The transformation of energy is the accom- 
paniment of the total material change whether chemical or 
physical. It is generally difficult, and sometimes at present 
impossible, to separate the change of energy into two parts and 
say, this part belongs with the chemical change of matter, and 
that with the physical. And if this separation can be made, a 
difficulty yet remains. The greater number of the thermal values 
of chemical operations must, in the present state of science, be 
interpreted almost apart from any definite theory of the structure 
of matter. The properties of a material system are conditioned 
by certain variables of which chemical composition is one. 
Now in modem chemistry the expression 'chemical com- 
position ' means a great deal ; it means much more than a 
statement of the masses of the elements in a specified mass of 
compound. The only theory of chemical composition which 
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has been found of scientific value is that which regards any 
portion of a specified kind of matter as composed of small 
particles, each of which is itself a structure. Chemical com- 
position as understood by this theory implies the conceptions of 
the molecule and the atom : a knowledge of the composition 
of a chemical compound means a knowledge of the nature, 
numher, and relative arrangement, of the atoms in the molecule 
of that compound. By relative arrangement of the atoms in 
the molecule we mean, at present, two things : — 

(1) The actual valency of each atom, tbat is, the number 
of atoms between which and each specified atom there 
is direct mutual action ; 

and 

(2) The distribution of the interatomic reactions in the 
molecule. 

These two things do not exhaust the connotation of the 
expression ' relative arrangement of atoms in the molecule ' but 
they indicate, I think, all that has as yet been practically 
included in that expression. 

But the theory of the grained structure of matter has been deve- 
loped from the study of gaseous phenomena, and can be strictly 
applied in its present form only to gases. On the other hand 
the majority of the chemical reactions for which thermal values 
have been hitherto determined are reactions between liquids 
and sohds or between hquide and liquids. For this reason, if 
for no other, these thermal data must be interpreted to a great 
extent in terms other than those of the molecular theoiy. 
There may be, and there probably will be, a theory of the 
structure of liquids and solids developed on lines similar to 
those of the molecular theory of gases ; but this theory is in 
the future. If we now apply the conceptions of the molecule 
and molecular structure gained by the study of gases to explain 
the phenomena of liquids and sohds we must be careful to do so 
only in a wide and general manner. 

Let us then look at some of the thermal values of chemical 
reactions with the view of finding what general interpretation 
may be put upon them, or what light they throw on the study 
of chemical change. 



IT"* INTERi>HETA'rlUN CIF TIIElillAI, DATA. [CHAP. V. §§ 201, 202. 



1 



Section I. The ' law of mammum work '. 

201. The total thermal value of a specified chemical 
operatioD, as we have ^ain and again seen, represents the sum 
of many thermal changes, some of which are prohably positive 
and some probably negative. Moreover the total value ia 
generally conditioned by the temperature at which the chemical 
operation takes pla«e, and hy the physical changes, — such as 
change of state from liquid to soHd or vice versa, change of . 
volume or of pressure &c., — which generally, or we may almost 
say, which always, accompany a chemical change. 

If then it is granted, on the one hand, that the quantity of 
heat lost, or gained, by a chemical system in passing from a 
specified initial state to a apociiiod final state measures the 
quantity of energy lost or gained by the system, and if it la 
granted that the difference between these quantities of energy 
ia an index of the relations of the properties of the system in 
the two states; it follows that thermal measurements must 
help US to understand chemical operations, because they must 
help us to regard these operations as the material accompani- 
ments of definite gains or losses of energy. 

But, on the other hand, if these gains or losses of energy 
are accompanied by changes or operations which we call 
physical, as well as by those we call chemical (and which we 
are especially desirous to study), it must be impossible to lay 
down any very precise generalisation regarding the connections 
between changes of energy and the purely chemical portions of 
operations, wherein the chemical and the physical are so 
interwoven. 

202. But, as I take it, Bei-thelot has fallen into this 
mistake in his statement of the ' law of maximum work ', which 
runs thus': — 

" Every chemical change accomphshed without the addition 
of energy from without tends to the formation of that body 
or system of bodies the production of which is accompanied 
by the evolution of the maximum quantity of heat." 

' Kie. Cliim. 1. ixti. 
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This 'law' is stated by Berthelot in a more rigid form as 
the 'theorem of the necessity of reactions ', thus':^ 

»" Every chemical change which can he accomplished without 
the aid of a preliminary action or the addition of energy 
from without the system, necessarily occurs if it is accom- 
panied by disengagement of heat." 
203. We at once inquire ; what is ' a chemical change 
accomplished without the addition of energy from without the 
system'? Is such an occurrence possible ? Most chemical 
changes are started by adding heat to the system ; some only 
begin when the system is acted on by light or electricity. Can 
any chemical change be separated from accompanying physical 
changes ? A considerable portion of the thermal change which 
occurs when an acid, alkali, or salt, dissolves in water is certainly 
due to physical processes, even when there may be a definite 
chemical action between the salt and the water. 

204i. It is sometimes urged against the ' law of maximum 
work ' that a chemical change, the thermal value of which is a 
positive quantity, does not occur. But in most eases of this 
kind strict examination shews that the thermal value of the 
change in question has been determined by very indirect 
methods. Thus Thomsen gives the following data 
[!', 0'] - 40,030 gram-units, 
Nevertheless iodine and oxygen do not combine to form 
I,Oj even when a mixture of iodine vapour and oxygen is passed 
over hot spongy platinum". But the value assigned hy Thomsen 
to the reaction in question is determined by indirect methods 
from measurements of many chemical operations, almost every 
one of which is accompanied by physical changes. The 
operation represented in symbols as 1^ + 0^ hag not been 
realised ; other operations have been carried out ; some of these 
have been analysed into parts, and the collocation of symbols 
I, + Oj = IjOj. has occurred in one of these parts ; thermal 
values have been experimentally determined; and the deduction 
has been made that, if the reaction I, + 0^ = I,Oj occurred as a 
part of one of the operations in question it would be attended 
' Loc, cit. 
" See Wehearg, Ber. It. 2S^&. 



4 



176 INTEEPHETATION OF THERSIAL DATA. [CHAP. V. § 205. 

with evolution of heat. But chemistry ia more than the 

manipulation of symbols ; it deals with realities. The reaction 
I, + 0, = I,Oj ought to occur, it ia said, if the law of maximum 
work is generally applicable. Here is a chemical process which, 
were it to occur without the addition of energy from without, 
would be attended by disengagement of a great deal of heat 
Therefore by the theorem of the necessity of reactions it ought 
to take place. But it does not. Therefore...? 

But we must not interpret the law of maximum work too 
strictly. 

The operation I, + 0, = 1,0, perhaps occurs as part of a 
cycle of changes ; separate it from the changes which precede 
and from those which follow, and it does not occur. After all 
then it is not one of those reactions which proceed ' without the 
aid of a preliminary action;' and therefore, although its occur- 
rence woiild involve disengagement of heat, it is not necessary 
that it should occur. 

205. Moreover there are actions which actually take place 
although their calorimetrically determined value is a negative 
quantity. For instance, aqueous solutions of sulphuric acid and 
sodium sulphate react with production of sodium hydrogen 
sulphate and absorption of heat ; a dilute solution of sodium 
acetate is decomposed by a solution of tartaric acid with 
absorption of heat ; an acid with a small heat of neutralisation 
often removes a base from its combination vnth an acid having a 
large heat of neutralisation, thus the heat of neutralisation of 
hydrofluoric acid is very large (32,500), but its relative affinity 
is extremely small (5 when HNO, = 100). The strict upholders 
of the law of maximum work assert that in these reactions 
double compounds of uncertain composition are formed, or 
hydrates are produced and are again decomposed, or portions of 
the reacting acids or salts are present in the solutions as 
hydrates and portions as dehydrated compounds. By dex- 
terously adding on a heat of hydration here, and subtracting a 
heat of dilution there, they make the thermal value of the 
operation appear as a positive quantity. When a chemical 
change is actually accomplished, fend the total thermal valae. 
as determined by experiment is negative, then more ingeni- 
oaa methods of argument must be adopted. But most of the 
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reactions which are stated to occur with absorption of heat take 
place under conditions such that it is impossible to produce 
the compounds formed and exhibit them apart from the whole 
changing system. Hence it is possible in such cases that the 
representation given of the chemical operation may not be a 
true representation, and that the (!&,Iorimetric determination 
does not measure the thermal change which really accompaaies 
the specified chemical change. Thomsen's work on solution 
and dilution has removed or rendered vahieless many of the 
favourite arguments of this kind of the followers of Bcrthelot', 

206. Thirty years ago Thomsen' stated the ' law of 
maximum work ' in this form : 

"Every simple or comples reaction of a purely chemical 

kind is accompanied by evolution of heat." 
Let us see what this means. If we try to define the 
expression ' a reaction of a purely chemical kind ', the only 
possible definition seems to me to be one in terms of the 
molecular theory. Thomsen himself tells us' that a reaction 
of a purely chemical kind is one which "proceeds without the 
expenditure of external energy and is accomplished only through 
the striving of the atoms towards more stable equilibrium." 
But can we separate the strivings of atoms fi-ora the mutual 
interactions of molecules ? The definition does not help us 
much because we cannot apply it to actual chemical reactions. 
We want practical definitions in science, 

207. Thomsen explains more fully his conceptions of chemical 
stability*. The occurrence of a chemical reaction, as also the 
nature of the products, and the conditions under which the re- 
action proceeds, depend chiefly, according to Thomsen, on (i) the 
striving of the atoms of the reacting bodies towards stable 
equilibrium, (ii) the resistance of the molecules to decomposi- 
tion, and (iii) the stability of the possible products at the tem- 
perature produced by the reaction. We may say that the greater 
the molecular mobility and the atomic mobility of a given 
chemical system the more ready will that system be to undergo 

' Bee ante, pars. 1% and 109. 

* Soe XhtTmochemuoke Unternickvns 

' Loc. cit. 1. le. 
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chaage, and the less the molecular and atomic mobilities the j 
more stable tbe system. In every purely chemical reaction I 
these two will tend towards a minimum. The reduction of ' 
molecular and atomic mobility will be attended by evolution of 
heat 

This explanation, I think, explains away the value of the 
definition of the purely chemical reaction. The ' striving of 
the atoms' is only one of the factors which condition the chemi- 
cal occurrence. Of the several possible states which the system 
may assume it does not follow that that one will be assumed, the 
passage to which, from the initial state, is attended by the great- 
est loss of energy. When the system has passed into state a it 
may remain unchanged, although the passage to state b would 
involve loss of energy, because under the given conditions state 
a is more chemically stable than state h. Thus consider the 
chemical processes, i 

{l)6KOHAq+fiCl=3K:C10+3KCU3H,0; heatevolution= 76,200. 1 

(2) 6K0HAq+6Cl=KCIO,+5KCl+3H,O; „ „ =94,200. | 

(3) 6KOHAq4-60U6KCl + 3H,0-*-0,; „ „ =105,200. | 

When chlorine is passed into an aqueous solution of potash 
at the ordinary temperature reaction (1) occurs, although the I 
occurrence of (2) or (3) would be attended with a much greater 
loss of energy to tbe system than reaction (1). But reaction (1) 
involves a less chajige of chemical type than either of the other 
reactions. 

In other words the occurrence of one of several possible 
reactions is conditioned by the chemical relations of the products 
of the change to the original bodies, as well as by the greater 
or less running down of energy which accorapajiies each of the 
possible reactions. 

208. The laws of energy must hold good in chemical pro- 
cesses as well as in physical- No chemical change involving a 
raising of energy from a less available to a more available form 
can occur without the degradation of an equivalent quantity of 
energy; but it does not follow that because a chemical change 
would be accompanied by a degradation of energy, that change 
ijecessarily occurs ; " Otherwise the existence of explosives like 
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gunpowder would be impossible'." Indeed one may almost eay, 
otherwise there would be no chemistry. AH possible chemical 
systems would have run downhill by this time and there would 
be no means for bringing them up again. The majority of 
chemical changes are not suitable for the application of thermo- 
dynamic principles, iuasmuch as only a few chemical operations 
are reversible. The attempt made by Berthelot to apply the 
conception of the degradation of energy to all chemical changes 
has not been successful 

209. The so-called law of maximum work has aaaumed 
various forms in thermal chemistry. Sometimes it is said that 
a chemical operation always proceeds so as to 'satisfy the stronger 
affinities' which come into play. What then are these 'stronger 
affinities'? Is the phrase ' satisfaction of the stronger affinities' 
only another way of saying that the operation will proceed in 
the direction which ensures the maximum running down of 
energy? Or is the expression synonymous with 'stronger mutual 
atomic attractions'? 

If the second of these questions is answered in the affirma- 
tive, then consider a simple ease'. A molecule AB is decomposed 
by heat, and the atom A then combines with another atom G to 
form the new molecule AC. The thermal change which occurs 
is represented by the expression 

[A,C]-[A,E]. 
But the only connection between the two changes is that 
one furnishes the materials for the other. The second c 
begins (theoretically) when the molecule AB has been si 
intojl and 5; hence the formation ot AC will proceed whether' 
IA,C]>[A.E]. or [A,B]>[A,G]. 
Even if 'the satisfaction of the stronger affinities' means 
only that heat is evolved, it may be asked why not a trace of 
water is produced when a mixture of two volumes of hydrogen, two 
of chlorine, and one of oxygen, is exposed to sunlight ; although 
[H', 0] = 68,000, and 2[H, Ci] = 44,000.* 

I See Loid Bayleigh " On tbe dlBsIpatioii of energy." Proe. Jt. e. Maidi E, 
1875. 

° L. Meyer, Lie modemtn Theorien der Chemie, i47— 8 {4th Ed.). 

» SeepoBt, pars. 222, 323. 

* E. Batsch, AnnaUn, aiO. 207. 
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Why is no water formed even if an electric spark is passed 
through a mixture of the same gases, as long as there is chlorine 
aufficiont to combine with all the hydrogen'? Why, it may 
finally be asked, may a chemical reaction between two gases be 
prevented by expanding the gases, although as much heat would 
be evolved by the combination of the expanded gases as by that 
of the same gasea when more condt 



210. If thon we interpret the law of maximum work 
vaguely, making it as wide as possible, it is opposed by many 
facts. Chemical reactions frequently occiu: involving absorption 
of heat ; and of two or more possible reactions that one which is 
accompanied by the evolution of most heat does not always occur 
in preference to one of the others. If we define the law accurately, 
and confine it to 'purely chemical reactions', the practical ap- 
plicability of it almost disappears. Such an opei-ation as a purely 
chemical reaction is practically unknown. 

211. But it may bo asked: must all the energy which is lost 
by a changing chemical system during a definite operation make 
its appearance in the form of heat ? 

212. Energy appears in chemical operations in forms other 
than that of heat. Electrical energy, for instance, is produced 
during the chemical changes which occur in the battery, and 
in this case a large quantity of work may be done without any 
marked evolution of heat. We must distinguish, in chemical 
processes, between that part of the chemical energy which is 
freely changeable into other forms, and that which can leave 
the system only in the form of heat 

213. Helmholtz has considered this subject of the changes 
of chemical energy into other forms of energy'. That part of 
the chemical energy of a specified system which is freely change- ' 
able into other forms is called hy Helmholtz the free energy 
{freie Energie), tha.t which can leave the system only in the form i 
of heat is called by him the bound energy (gebundene Energie). ' 
The total energy of the system is equal to the sum of these two. 
That a system should undergo change without the aid of external 

' E. Batsch, Annalen, 210. 307. See aUa Schlegel, Amialent 32fl. 133. 
' " Die Thermodjnamilt chemiaolier Vorgiinge," SilzheT. tier Will. Aka4. wt I 
J Serlin, 1B82 ; see WiaaaMhaftlkhe Ibhaiidtungen, a. 958. 
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energy there must be an increase of the bound energy and a 
decrease of the free energy of that system. Hence a chemical 
reaction occurring in an isolated system will proceed in that 
direction which involves a change of free chemical energy into 
some other form of energy which is not necessarily the form of 
heat. The loss of energy measured by the quantity of heat pro- 
duced during such a chemical process will not represent the total 
loss of energy of the system. A certain reaction may be attended 
by a greater evolution of heat than accompanies another reaction, 
and nevertheless there maybe a greater running down of chemi- 
cal enei^ in the second reaction than in the first. 

The free energy of a system can be calculated only in com- 
pletely reversible changes. 

In most chemical operations, which are neither isothermal 
nor adiabatic, external work is done at the cost of the free 
energy, and heat is produced at the cost of the bound energy of 
the system. An increase of the temperature of the system 
denotes a change of free into bound energy; this bound energy 
may then be converted, by friction &c., either wholly or in part 
into heat. In such a case the quantity of heat produced during 
the passage of the system from its initial to its final state repre- 
sents the difference between the total internal energies of the 
system in the two states, It is this difference which is measured 
in thermo-chemical investigations ; but the work done by the 
free energy of the system, the free work (freie Arbeit), which 
determines the direction of the chemical change, is different 
from this, and cannot be measured by merely finding the total 
quantity of heat produced during the operation. 

214. If we admit Helmholtz's conception of free and bound 
energy, and assent to his treatment of the relations between 
these and chemical change, it follows that the direction of a 
chemical operation cannot be predicted from a knowledge of 
the thermal vahies of the possible changes which may occiu' in 
the specified system. Thus when two acids react on a base, in 
dilute aqueous solution, and in equivalent quantities, the base 
ia shared between the acids, not in the proportion calculated 
from the heats of neutralisation, but in that determined by the 
relative affinities of the acids. 

The mere fact that the thermal value o^ a Oft^tovc^ o-^tst- 
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tion, deduced from meaaiirements of a series of changes of 
which the specified operation forms a partj is represented by a 
positive quantity, does not justify us in saying that this change 
or operation will occur if it is isolated from the cycle of change 
of which it forms a part. Hydrogen does not reduce an aqueous 
solution of potassium chlorate ; hut if a few pieces of zinc and a 
Httle dilute sulphuric acid are placed in the solution potassium 
chloride and water are at once formed. In the latter system 
there is prohahly an overplus of chemical energy, which, aided 
by the configuration of the particles of hydrogen accompanying 
this excess of energy, brings about the reduction of the chlorate 
to chloride of potassium. Many chemical processes which occur 
as parts of a larger cycle of change are probably accomplished 
by aid of the energy produced in the operations which form other 
parts of the cycle ; if the specified process is cut off from the 
others which supply the required energy the conditions necessary 
for the occurrence of the process are removed". These conditions 
cannot in many cases he restored by adding heat ; energy in a 
form other than heat is required, and this form of energy can 
only be supplied by making the special operation one part of a 
cycle of changes. 

Under one set of conditions there may be only a small 
supply of energy, but that energy is in a form wholly available 
for performing the required work ; under another set of con- 
ditions there may be a large supply of energy, but that in a 
form wholly or in great part unavailable for the work which is 
to be done\ 

215. But although the 'law of maximum work' is found ' 
wanting whether we examine it from the practical or the 
theoretica! point of view, nevertheless the fact remains that/ 
when the physical conditions of comparable chemical processes 
are kept as nearly as possible constant, the process which 
involves the maximum production of heat very frequently 
inlt of the Dissipatioi 



energy,' 



' Compare "Ctemioal Equilibrium the r 
by G. D. Liveing (1886) ; eapeoially Chaps, i 

' The researohea of Willard Gibba (aee ante, par. 153) aeem to jnBtify the 
artioa that a gaseous nyatem, Bven when chemical aetion is possible, will 
b^ tend to settle down in that state in ivhioh the eoei^y ia at a minii 
JateDt nith the given entropy aad volame, or in. whioJi (he entropy ie 
E oonBiBtent witli the Riven eneig^ aivi volume. 
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occurs in preference to the other possible processea, or occurs to 
a considerably greater extent than any of these other processea. 

Let us look at some classes of chemical processes from this 
point of view. We shall regard the quantities of heat produced 
in the differect operations as giving relative measurements of 
the losses of energy which attend these operations. 

216. Precipitation of metals as sulphides from aqueous 
solutions hy the action of an aqueous solution of sulphuretted 
hydrogen. 

The data are presented in the following tables'. 

^K Table 

^^Seaction ' CdO PbO CuO HgO T\p CujO Ag,o' 

t^f^*^^'j (1) 27,300 29,200 31,700 45,300 38,500 38,500 58,500 

'^^ctl'qT \ ^^^ ^'^i^™ 15,400 15,300 19,000 27,500 14,700 42,600 

dvyermce|:(l)-C2)] = +7,000 13,800 16,400 26,300 11,000 23,800 15,900. 

Table II. 



Reaction CdO PbO CuO EgO TIjO Cu^O Ag^O 

[Base, H=S] (1) 32,100 34,000 36,500 50,000 43,300 43.300 63,300 

[Base,2HCl] (2) 55,000 50,000 50,000 53,500 62,200 49,300 77,200 

ti:/er«K;e[(l)-(2)]= -22,900 16,000 13,500 3,500 18,900 6,000 13,900. 

^^K Table HI. 

^^^Reaction ' miO.np YaO M^ Nio'.H^O CoO.Hp ZcCHaO 

'^^r?^^'^n"*'1'{ (1) 10,700 14,600 18,600 17,400 18,600 



^HClAqP ( (^^ ^^'™'* ^^'^^ ^^'^'^'* '^^'^^ 



diyewrK!e[(l)-(2)]= -12,300 6,800 4,000 3,700 1,700. 

To illustrate the application of these data take the caae of 
cadmium. Thus, 

[OdO 2H01Aq, H'SAq] - [CdOAq, 2HClAq] = 7,000. 

' Bee Nanmftnn'B Thermochemic, 505 — 510. 

' Objection may be talieu to some of those valnea on the ground that 8q.neona 
aolutions of many of thesto basos we unknown ^0OIll^e anle,'eB.ia, ^ toi\'V\K\, 
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If an aqueous solution of the base CdO were mixed with 
equivalent quantities of HCl and H,S, either CdC], or CdS 
might be produced ; the production of the latter would he 
accompanied by the evolution of 7000 gram-unita of heat more 
than would attend the production of the former compound. 
But 

[CdO, 2HCI] - [OdO, H'S] = 22,900. 

If the solid base CdO were acted on by equivalent quantities 
of gaseous HCl and H,S, either CdCI, or CdS might be pro- 
duced ; the production of the former would be accompanied by 
the evolution of 22,900 gram-units of heat more than would 
attend the production of the latter compound. 

Now we know that aqueous sulphuretted hydrogen precipi- 
tates cadmium sulpliide from a solution of the chloride of this 
metal, and that gaseous hydrochloric aeid decomposes solid 
cadmium sulphide with production of cadmium chloride. But 
we also know that if equivalent quantities of cadmium chloride, 
in solution, and sulphuretted hydrogen are mixed, only a small 
quantity of the former salt is decomposed ; if we desire to 
precipitate all the cadmium as sulphide we must add a very 
large quantity of sulphuretted hydrogen. The same remark 
holds good for the mutual action of solid cadmium oxido and 
hydrochloric acid ; more than one equivalent of the latter acid 
{as gas) must react on each equivalent of cadmium oxide if the 
whole of this base is to be converted into cadmium chloride. 

The numbers 

[2HC], Aq] = 34,600, and [H'S, Aq] = 4,800 

shew, that an aqueous solution of hydrochloric acid possesses 
much less energy than the same mass of hydrochloric acid in 
the form of gas, but that the difference between the quantities 
of energy in a specified mass of gaseous sulphuretted hydrogen 
and the same mass of the acid dissolved in much water ia very 
much less than the corresponding difference in the case of 
hydrochloric acid. Moreover the greater the concentration of 
aqueous hydrochloric acid the less is the quantity of heat 
evolved on adding the gaseous acid to the solution ; in other 
words a concentrated aqueous solution of hydrochloric acid 
contains much more energy than a dilute solution of the same 
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mass of the same compound. Hence, although aqueous sulphu- 
retted hydrogen precipitates cadmium sulphide from an aqueous 
solution of the chloride, nevertheless cadmium sulphide ought 
to be decomposed by a concentrated solution of hydrochloric 
acid. This conclusion is confirmed by the results of experiment. 
The case of antimony is especially interesting. Antimony 
sulphide is decomposed by aqueous hydrochloric acid of greater 
concentration than HCl . 6Kfi ; but if more water than this 
is present antimony chloride is decomposed by aqueous sulphu- 
retted hydrogen. Hence the two reactions 

rSb^Sg + ajHClAq = 2SbCl3Aq + 3H,SAq + (a; - 6) HC1,\ 
t2SbCl3Aq + ajH,SAq = Sb^Sg + 6HClAq + (a; - 3) H^S J 

may occur until equilibrium is established. This state of 
equilibrium will be conditioned by the relative energies of the 
reacting bodies, and this again by the relative masses of these 
bodies when the temperature is constant throughout the 
operation. 

217. Mutual actions of mercuric oadde, hydrochloric and 
hydrocyanic acids. 

The following data are taken from Naumann's book* : — 

[HgO, 2HCNAq] = 31,000 : products of the action are 

Hg(CN),Aq + H,0; 
[HgO, 2HClAq] = 18,900 : products of the action are 

HgCl, Aq + H,0. 

Therefore 

[HgCPAq, 2HCNAq] = 31,000 - 18,900 

= 12,100 : products being 
Hg(CN),Aq + 2HClAq. 

If the heat of solution of mercuric chloride is added to 
the number 12,100 we get the theoretical thermal value of the 
action of equivalent quantities of solid mercuric chloride and 
aqueous hydrocyanic acid : thus, 

[HgCl», Aq] = - 3,300 : therefore 

[HgCl», 2HCNAq] = 12,100 + (- 3,300) = 8,800. 

1 Loc, cit 499*-501. 
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But, on the other hand, consider the numbers, 

[HgO, 2HClAq] - 18,900 ; but [2H01, Aq] = 3i,600 ; and 

[HgCl',Aq] = - 3,300. 

Now if Bolid HgO wore acted on by gaseous 2HC1, and if 

solid HgCIj were thus produced, the theoretical thermal val 

of the action would be 

[HgO, 2HC1] = 18,900 + 34,600 - {- 3,300) 
= 56,800. 

Then consider the action of gaseous 2HCN on solid HgO, 
[HgO, 2HCH"Aq] = 31,000 : but [2HCN, Aq] = 12,200: and 

[Hg (CSy, Aq] - - 3,000. 
If then solid HgO were acted on by gaseous 2HCN, and if 
solid Hg[CN)j were thus produced, the theoretical thermal 
value of the action would be 

[HgO, 2H0N] = 31,000 + 12,200 - (- 3,000) 
= 46,200. 
From this value and that already obtained for the action of 
gaseous 2HC1 on solid HgO it follows that 

[Hg(CN)', 2HCI] = 56,800 - 46,200 
= 10,600; 

because, if we start with the system HgO + 2HC1 and from this 
produce the system HgOI, + HjO 56,800 thermal units are 
evolved, and if we start with the system HgO + 2HCN and 
produce Hg(CN)j + H,0 46,200 thermal units are evolved ; 
therefore if we start with the system Hg{0N)2 + 2HCl and 
from this produce the system HgClj + 2HCN the quantity of 
heat evolved must be represented by the difference 56,800 
-46,200, i.c. by the number 10,600. 

The conclusions which may be drawn from these data are: — 
(i) "An aqueous solution of mercuric chloride will be 
decomposed by an aqueous solution of an equivalent quantity 
of hydrocyanic acid ; 

(ii) Sohd mercuric chloride will be decomposed, but 
probably only to a partial extent, by an equivalent quantity of 
hydrocyanic acid in aqueous solution ; 
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(iii) Solid mercuric cyanide will be decomposed, to some 
extent, by an equivalent quantity of gaseous hydrochloric a 
but not by this acid when in aqueous solution. 

These conclusions are on the whole confirmed by experiment I 

218. Mutual action of sulphuretted hydrogen and iodine 
contrasted with that of the same acid and hromine^. 
Iodine and sulphuretted hydrogen do not mutually read 
whether the iodine is present as a solid or as a gas, or ia 
dissolved in carbon disulphide. But aqueous solutions of sul- 
phuretted hydrogen and iodine at once react with production 
of an aqueous solution of hydriodic acid, and sulphur. The 
thermal values are these : — 

[SH'S, ai"] = 4[H, I] - 2[H', S] = - 34,000 ; 
this action does not occur ; 

[2H'SAq, 2I*Aq] = 4[H, I, Aq] - 2[n', S, Aq] = + 34,400 ; 
this action takes place rapidly. 

These values have been determined, 

4[H, I, Aq] = 52,800; 2[H', 8, Aq] = 18,400. 
The thermal value of the decomposition of SHjSAq by* 
SI^Aq is made up of two parts; in one 52,800 gram-units of 
heat are evolved, and in the other 18,400 units are absorbed. 
Now were the (positive) value of the first of these parts to 
fail below about 18,000 units we should expect the decomposition 
to cease. An analysis of the reaction 4[H, I, Aq] shews that it 
is composed of two parts; (1) the heat of formation of 4HI, and 
(2) the heat of solution of 4HI : the values of these parts are as 
follows : — 

»4[H, I] = - 24,800 ; [4HI, Aq] = 77,600 ; 
.-, 4[H, I, Aq] = 63,800, 
Now if a given mass of hydriodic acid is added to a quantity I 
of water already containing hydriodic acid in solution less heat I 
is evolved than when an equal mass of hydriodic acid is added.l 
to pure water. The more concentrated the solution of the acidl 
the smaller is the quantity of heat evolved on adding a specified I 
I Naumann, Ber. 2. 177; S9, 1571; (oi rheTHWcTitmie, feffl^-yai^. 
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of the acid Should the value of the reaction [4HI.Aq] 
De less than + 43,000 then the value of the reaction 
4[H, I, Aq] will become leas than + 18,000 ; and under these 
conditions, as we have seen, the total value of the reaction 
[2H'SAq, 21' Aq] ftTll become equal to zero. 

Hence the conclusion follows that the decomposition of 
aqueous sulphuretted hydrogen by aqueous iodine, the two 
being mixed in equivalent quantities, will proceed more slowly 
as the aolutiou becomes charged with hydriodic acid, and after 
a time will probably cease. 

Experiment shews that [4HI, Aq] «; 43,000 when the 
solution of hydriodic acid acquires the relative density of 1'56 
at 15° — 20". Experiment also shews that when this concentra- 
tion is reached as a result of the mutual action of aqueous 
2H,S and 21, the action stops. But the change in question 
again proceeds if water is added so as to reduce the density 
of the solution of hydriodic acid, because the value of the 
reaction [4HI, Aq] then again becomes greater than 43,000. 
But a considerably more concentrated solution of hydriodic 
acid in water can be obtained than that whose density b 1'5B. 
If such a solution, e.g. a solution boiling at 127° (pressure = 
760 mm.) and having a density of l'C7, is shaken with flowers 
of sulphur the hydriodic acid is decomposed, with production of 
sulphuretted hydrogen and iodine, until the density of the 
solution becomes about 1'56 when the process stops. 

The system consisting of hydriodic acid, sulphuretted hydro- 
gen, iodine, sulphur, and water is under certain conditions in 
thermal and chemical equilibrium ; this equilibrium is disturbed 
by altering the relative masses of the constituents of the system, 
because the alteration is accompanied by changes of the energies 
of these constituents. 

The action of bromine on sulphuretted hydrogen is thermally 
very different from that of iodine. 

[2^3, SBr"] - 4[H, Br] - 2[H', 8] = + 25,000. 

Gaseous bromine reailily decomposes gaseous sulphuretted 
hydrogen. If the substances react in solution the heat of 
solution of 4HBr (about 80,000 units) is added to the heat 
developed when they react as gases ; when the solution of 
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hjdrobromie acid becomes so concentrated that no heat is J 
evolved by the addition of more acid, the decomposition of the 1 
sulphuretted hydrogen still proceeds and the hydrobromic acid j 
produced is evolved as gas. 

219. We have already had other examples of the classifi- 
cation of comparable reactions in accordance with their thermal 
values. In Chap, iv, para, 117 — 123 we considered the action of 
metals on water and on various acids ; and we found that, from 
a knowledge of these values it is often possible to tell whether 1 
a specified metal will or will not decompose water or au aqueous I 
solution of a given acid. But these examples also illustrate the 
shortcomings of the thermal method of predicting the occur- 
rence, or the results, of chemical processes. 

To say that a certain action would be attended by the 
evolution of more beat than another reaction between the s 
bodies is not to prove conclusively that the specified reaction j 
will occur. We must know more about the chemical habitudes of I 
the reacting bodies and the possible products of the reaction i 
than is told us by thermal data only. 

We have also seen that thermal data tend to obscure the j 
importance of considering the masses of the acting bodies. One ] 
action may have a rather smaller positive thermal value thai 
another and nevertheless the first action may proceed rather 
than the second if the mass of one of the reacting bodies is 
largely increased. To say that every chemical change is 
conditioned only by the quantity of heat produced in that 
change is to ignore all that has been done in recent years 
on the influence of mass in chemical operations. It is to go 
back to the time of Bergmann, only substituting tables of 
thermal data for the tables of affinity which were then in 
vogue. 

We cannot be too often reminded that the subject-matter j 
of chemistry is 'the differences and relations of matter,'^ 
and not the properties of this or t^at isolated system of ] 
matter, 

' Phrase used bj Clerk Maxneil in a letter to Mr L. Campbell. See his Lift 
(Condensed Ed.), p. 110. 
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Section IT. Aff.nity. 

220. We have seen that one form which the 'law of 
maximum work' haa assumed is expressed in the statement 
that a chemical change always proceeds in a direction such 
that the strongest affinities of the reacting bodies are satisfied. 

If the criticisms brought against the ' law ' are admitted 
this form of it cannot be accepted. 

But, we inquiio; is it possible to obtain relative measurements 
of affinities by determining the thermal values of chemical 
operations? We learned in Chap, III. (pars. 102 — 110) the use 
which Thomsen has made of such determinations for finding 
the quantitative distribution of a base between two acids, and 
the conclusions which that naturalist has theuce drawn regard- 
ing the relative affinities of acids. But can any more light be 
thrown on the subject of affinities by thermal methods of 
inquiry ? Do chemical changes occur in such a way that the 
strongest affinities between the atoms of the reacting bodies are 
satisfied ? 

Now the word atom is here used with a wider and vaguer 
meaning than ought strictly speaking to be assigned to it. 
Unless we are prepared to apply the terminology of the molec- 
ular theory to solids and liquids we need scarcely trouble 
ourselves with such a question as that we have asked. The 
phrase ' satisfaction of atomic affinities ' is also vague. But let 
us employ the expression and see if in trying to answer the 
question any more definite meaning can be given to the terms 
in which it is put'. 

221. Do chemical changes occur in such a way that the 
strongest affinities between the atoms of the reacting bodies are 
satisfied? 

' In papers on thermal cliemistty the tstm affinity is Bometimes used in a 
vary misleading manner. If one element A eombinea with another B with, 
evolution of bo mnch heat, and a third element C combines nitb B with erolation 
of 50 much more heat, it is said that the alfinitj of C lor B is greater than that 
of A for B, and greater by the difference between the two qnantities of heat 
This use of the term atBuity eeems to me to be utterly erroneous. But afSnity U 
one of these ohameleon-lilie words whiuh do so much harm in sdence. 
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If we answer this question in the affirmative we should also 
probahly say tha,t the phra,se 'satisfaction of the strongest 
affinities between the atoms 'is synonymous with 'production of 
that configuration of atoms (starting from a specified configura- I 
tion) which is attended with the maximum evolution of heat, or, I 
at any rate, with the maximum running down of energy.' J 

222. Let atomic affinity mean the potential energy of atoms. I 
Let two monovalent atoms, A and 5, mutualiy attract each I 
other with the production of a molecule AB ; there is a change 1 
of potential energy {i.e. affinity) into kinetic energy which I 
leaves the system in the form of heat. Now let a third I 
monovalent atom, 0, approach the molecule AB, and let the 1 
affinity of A for C be greater than that of A for B. When AB \ 
and G are a certain distance apart the attraction of A for G will 
exceed that of A for B, the molecule AG will be formed and the 
atom B will remain uneombined. The formation oi AG will be 
attended by a change of potential into kinetic energy which 
will again appear as heat. But unless this second quantity of 
heat is greater than that evolved in the formation of the 
original molecule AB from the atoms A and B, the decomposi- 
tion of AB could not occur. Hence atoms with stronger I 
affinities replace those with weaker affinities, and the relative i 
strengths of these affinities are measured by the quantities of 1 
heat evolved in the combinations of the atoms, provided affinity I 
is synonymous with potential energy of atoms considered as at I 
rest'. I 

223. But if the theory of molecules and atoms teachea 1 
anything, it teaches that the atoms are not at rest ; but that I 
they, no less than the molecules themselves, are in motion. Of I 
the states of molecular motion we know little or nothing ; of the I 
atomic motions we know even less. Probably the motions of I 
the individual molecules which compose a gaseous mass, both I 
the translatory motions of the molecules as wholes and also the I 
rotatory motions of their parts, differ considerably from the mean I 
motion of the whole mass of molecules. A feasible hypothesis I 
is, that there is a constant change of potential atomic energy J 

' For tbe atatsmenC of this argument and of that which follows I am J 
indebted to L. Meyer's Ui'o nuiieriien Ifeoriender Chem«,W.1 — W \,W»i."?A>i. I 
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into kinetic atomic enei^y, and vice versa, due to the vibratory 
motions of the atoms which constitute the molecules. If this 
is so, any specified molecule must be more ready to undergo 
change at certain times than at other times, Hence a given 
compound may be decomposed by the action of another com- 
pound under certain specified conditions and not under other 
specified conditions, Proceeding on the lines of this hypothesis 
let us consider, as before, the diatomic molecule AB acted on by 
tbe atom C. The result of the collision of AB and will vary 
in accordance with the distribution of the kinetic and potential 
energies in AB at the moment of collision. Let us suppose 
that A and B are at their furthest distance apart, i.e. the 
potential energy of A and B is at a maximum and the kinetic 
energy at a minimum. Let G now come into contact with AB 
and carry off A in combination with itself ; a part of the kinetic 
energy of O will be employed in overcoming the affinity of A 
for B, and this action will be accompanied by evolution of heat 
(or other form of kinetic energy). But the rest of the kinetic 
energy of remains in the new molecule J G. Whether the 
decomposition of AB by G shall or shall not occur does not then 
depend on whether [A, B] > [A, C], or [A, C] > [A, B], but on 
the relative affinities of A and G tor B: what C wants in 
potential energy (i.e. affinity) it supplies in the form of kinetic 
energy. If we pass from the consideration of isolated atoms to 
that of masses of two reacting bodies we find that the decompo- 
sition of one by the other must depend on many conditions 
among which affinity, — i.e. in the present view mutual atomic 
attraction — is only one. If the conception of constant change 
of potential into kinetic energy and vice versa of the atoms in 
the molecule is accepted, then the mutual attraction between A 
and B may be such that these two atoms hold together for long, 
because the conditions under which G can decompose AB are 
seldom attained. The temperature, the relative masses of the 
two bodies, the presence of a third body, &c., wUl largely 
condition the action of G on AB'. 

224. The difficulties of this investigation are very great. 
Does the heat evolved in a chemical reaction represent change 

' For moie details sua h. Meyer, loc. cit. 446. 
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of potential energy of the atoma into the thermal form of 
kinetic energy ? Or ia the heat more probably due to the 
change of a higher form of kinetic enci^ of the atoms into 
heat ? Or does the quantity of boat evolved afford no measure, 
or at any rate no generally applicable trustworthy measure, of the 
change of higher into lower forms of atomic energy which accom- 
paniea a chemical operation? We cannot anawer these ques- 
tions. We can scarcely as yet suggest the outlines of answers. 

225. A definite meaning for the term affinity has been 
introduced into chemical science by the researches of Guldberg 
and Waage. Tbb meaning is independent of any hypothesis 
regarding the relations of the kinetic and potential energies of 
the atoms in the chemical molecule ; indeed it is independent 
of any theory of the structure of matter. 

In the Essai de Statique Chimique published in 1803 
Berthoilet said "Toutc substance qui tend k entrer en combinai- 
son agit en raison de son afi&nit^ et de sa quantity" (loc. dt. 
1, 2). This statement has been extended and rendered more 
exact by the researches of the Norwegian naturalists Guldberg 
and Waage', 

In a simple decomposition of the form AB + G = AG + B,^}ti.B 
formation of AG is chiefly brought about by the attraction 
between A and C; but there are also attractions between the 
other substances A and B, AC and B, &C. Looking at these 
attractions from the point of view of one of the attracting bodies 
we may say that A exerts force on G, AG exerts force on B, B 
exerts force on A, and so on. The force by the action of which 
AG ia finally produced is the resultant of these various forces. 
This resultant force may be regarded as constant for a definite 
temperature. It is called by Guldberg and Waage the coefficient 
of affinity for the reaction AB+ G = AG + B. In the same way 
in the double decomposition AB ■{• CD = AG + BD the force 
which brings about the formation oi AC and BD is the resul- 
tant of the various forces at work, e.g. the force exerted by A on 
B, by A on C, by A on D, by C on I), &c. ; this resultant force ia 
called the coefficient of affinity for the reaction formulated above. 

' Eludei suT les A^nitis Chimqnft (ChriBtiania, 1867) ; and (in oontiDnation\ 
J./Urprakt. Chemie (2) 19. 69. 
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But thia coefficient of affinity may be reaolved into two 
parts. Let two bodies A and B react, in equivalent quantities, 
under such conditions that tbo system is free to settle down into 
equilibrium (e.g. in dilute aqueous solution), two new bodies, A' 
and B, -will be produced ; but when equilibrium is establislied 
the system will consist of certain quantities of the four bodies 
A, B, A', and B'. The force (itself the resultant of various 
forces) which brings about the formation of A' and B' from A 
and B is held in equilibrium by the force (likewise the resultant 
of various forces) which brings about the re-formation of A and 
B from jl'*and B. The lirst of these forces is called the 
coefficient of affinity for the direct reaction A+B = A' + S\ 
the second is called the coeffioient of affinity for the reTerae 
reaction A' + B =A-^B. 

Let ua designate the coefficient of affinity of the direct 
change by «, and that of the reverse change by k. All the 
measurements which have been made of such a change as we are 
now dealing with, viz. 

A-\'B:^^' A' + E 
have shewn that the equilibrium of the system at a specified 
temperature is to a great extent conditioned by the relative 
masses of A and B. Guidberg and Waage use the expression 
aotiiie mass of A or B, &c. to mean the number of equivalents of 
A or B, &c. in a unit of volume of the reacting system, e.g. in 
lOOO c.c, of the aqueous solution of A or B, &c. employed. 
Guidberg and Waage state that the total resultant force for 
either the direct or reverse change, when equilibrium is esta- 
blished, is proportional to the product of the constant k, that 
is the coefficient of affinity for the change (be it direct or 
reversG) and the active masses, A, B, A', or £' as the ease may 
be. Let the system have settled down into equilibrium; let 
the active mass of A now present be p, the active mass of B 
be q, the active mass of A' be p', and the active mass of 5" be 
5', Then when equilibrium is established 
K.p. <i = K.p'.(/. 

Now it is possible to determine esperinaentally the values of 

^ Thia aotatioD for teverfable or partially isTersible changes 
1 't HoS (Etudes de Zij/wumigue Chimiquc ^18841, p. y). 
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p, q, p', and g^ for a given sjatem'; when this is done the ratio I 
K : K can be calculated. Suppose this has been done ; it is 
then possible to calculate the values of p, q, p', and 5' for any 
initial quantities of the four reacting bodies ; in other words it 
is possible to calculate the number of equivalents of A, B, A', 
and*-C present in the system when equilibrium is established, 
provided the number of equivalents of each of these bodies 
originally present is known. For, let P, Q, P", and Q' represent 
the number of equivalents of A, B, A', and B' present before 
the action begins, and let le equal the number of equivalents of 
A and B transferred into A' and B when equilibrium is estab- ■ 
lished, and assuming the total volume of the system to be con- 
stant throughout the process and to be equal to V, then 



p = - 






^ Then substituting these values for p, q, p', and 5" in the 
equation of equilibrium, and multiplying by V^ we get 

But the ratio k : k' has been already determined, and P, 
Q, P', and Q' are known by direct observation ; hence x can be 
found by calculation, and the calculated values of x, for different 
values of P, Q, &c, can be compared with the observed values, 
and in this way the apphcability of the general equation of equi- 
librium can be tested. When the value' of the ratio k ; «' baa 
been thus determined for one system, a new system may be 
employed in which « again occurs along with another coefficient 
of affinity k" ; the ratio « : k" may thus be found. This process 
may be repeated for a number of systems and thus values may 
be found for various coefficients of af&nity in terms of some 
one coefficient of affinity taken as unity. 

226. Ostwald has made an extensive series of determinations 
of the coefficients of affinity of reactions between pairs of acids 
and a specified base'. One very important result of the 
researches is that the coefficient of affinity of such a reaction as 
Ouldberg and Waage loc. ei 



1 For methoda by which this may be doae 
alBo Oatwaid, J.filrprakL CkemU, (3), as. 1. 

' Ostwalii'fl papera ate to be found in J. fiir prakt. ChemU, (3) IB. 
32S: IS. 4G8: 33. 251: 33. 200 aud 517 ; 34.486-. 21.1'. 1ft. ^\!i-. %%. 
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AB + C = AC+B, — where j15 is a compound of an acid B with 

the baao A, and is another acid, — consists of two parts, one 
dependent on the nature of the acids, and the other on the nature 
of the base. By keeping the base constant and varying the 
acids Ostwald has made a series of determinations of what he 
calls the relative affinities of acids. Further research has shewn 
that these relative affinities of a«ids are constants of the utmost 
importance, inasmuch as they appear to quantitatively condition j' 
every chemical change in which the acids take part. Ostwald's | 



investigations have, I think, established the assertion, — or at 
any rate established a very large probability in favour of the 
assertion, — that the specific intensity of any action brought 
about by an acid is conditioned by the value of the relative 
affinity of that acid. 

But even if this assertion is not at present accepted there 
can be no doubt, in the face of the experiments of Guldberg and 
Waage, Ostwald, Thomsen, and others, that determinations 
of the relative aflSnities of acids are of the utmost value. 

When we consider the wide-spreading results which are 
likely to follow the cultivation of this field of inquiry we cannot 
but be impressed with the importance of prosecuting further 
researches on the lines of those already so successfully conducted 
by the naturalists whom I have named. 

227. One main difficulty is to find suitable methods for 
prosecuting these inquiries'. Now thermal chemistry presents us 
with methods for determining the relative affinities of acids. We 
have seen (Chap. iii. pars. 103 — 107) how Thomsen found values 
for what he calls the relative avidities of various acids. But the 
avidity of an acid is the same constant as the affinity. The 
amount of an action between two acids and a base is conditioned 
by (1) the relative affinities (or avidities), and (2) the active 
masses of the acids. 

We have glanced at the thermal method whereby the relative 
affinity of an acid may be determined ; let us now look at this 



' Ohemical chaDgas must be chosen which are free from seoondar; I 
special eiperimental methods must be deyised, and man; diSlciiltieB mnatlM 
Bimnomited. For a general account of what has been done by Ostwald tnd 
oihera see the author's Prijiciplet o/ Chemialry, Book n., Chap, m. 
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method in the light of the theory of affinity of Guldberg and 
"Waage\ 

228. For the convenience of subsequent treatment, Thomsen 
writes the equation 

as 

Then putting the product K./c^ = n^he deduces the following, 
equation for finding the value of x, 

The value of n must now be found. This may be done by 

using the experimental results obtained in the action of one 

equivalent of sodium sulphate on one equivalent of nitric acid. 

In this case 

a = /3=l; 7 = S = 0; 

and the above formula gives the value 

n 
X = =-. 

n + 1 

But Thomson's results already referred to (Chap. m. par. 107) 
shewed that in the action of equivalent quantities of nitric and 
sulphuric acids on soda in dilute aqueous solution ^ = f ; that is 
to say, two-thirds of the soda combine with the nitric acid and 
one-third with the sulphuric acid. Hence 

X = r^ = # ; and therefore n = 2. 

n + 1 ^^ 

This quantity n is the ratio of the avidities of the two acids 
acting simultaneously on the same base. 

Substituting the value of n thus found in the foregoing equa- 
tion for finding x, we have 

aj = ^{4 (a + /S) + 7 + S-V[4(a + /9) + 7 + Sr-12(4a/3-7S)}. 

This formula may be used for finding the value of ^, that is 
the amount of chemical change, in all reactions between sulphuric 
and nitric acids and soda in dilute aqueous solutions. 

1 See Thomsen loc, cit. 1. 11^—1^5, 
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Let R = the thermal value of a specified reaction. Let 
^5 = Na^0,Aq; ^'5 = Na^N^O^Aq ; ^ = H,SO,Aq; and^'= 
HjNjOg^Aq. Then let these compounds react in diflferent pro- 
portions : — 

R = [aAB,^A\ y ANSA'S]. 

When the system has settled down into equilibrium the 
distribution of the salts is represented as 

{a--a))AB-\-(^'-'x)A'+(rY + x)A + {S + co)A'B, 

The formula given above for finding x, when the values of 
«> ^y 7> and S vary, may now be applied. 

Thomson's experiments furnish four groups of results. 

229. I R = [AB,^A']; or i2 = the thermal value of the 
action of one equivalent of sodium sulphate and /8 equivalents 
of nitric acid. 

Here a = l; 7 = S = 0; and 

^ = f(l+/3-^/(l+/e?r-3)8). 

Neglecting those parts of the chemical change the thermal 
values of which have been shewn experimentally to be almost 
equal to zero, we have 

[AB, ^A'] = X {[A', B] - [A, B]) + (1 - x)[AB, ^^]. 

Substituting the observed values, viz. 

[A', B] = 27,234 and [A, B] = 31,378 
we have 

[AB,fiA'] = '4,U4ix+{l-x)lAB,^^A^ . 

The following table shews the observed and calculated thermal 
values of this change for varying values of ^, 



i 

i 

2 
1 

2 
3 



X 


(1- 


-)[^^'i!. 


A 


[AB.^A'] 










observed 


calculcUed 


0-121 




-424 




- 904 


- 924 


0-232 




-694 




-1616 


-1656 


0-423 




-910 




-2584 


-2662 


0-667 




-784 




-3504 


-3546 


0-845 




-446 




-4052 


-3948 


0-903 




-296 




-4100 


-4038 



This f s the same notation as "waa xisftA before (Chap. in. par. 106). 
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The greatest difference between the observed and calculated 
numbers amounts to 104 units, or only 3 per thousand of the 
value of the heat of neutralisation of either acid. 

230. 11. Ii = [AJByA,2A']or = [AB,yA,2A']'-[AB,yA']. 

That is, i2 = the thermal value of the action of one equiva- 
lent of sodium sulphate mixed with y equivalents of sulphuric 
acid on two equivalents of nitric acid. Here a = 1 ; ^ = 2 > 
S = 0; and 



X 






0-845 


1 


0-742 


2 


0-667 


3 


0-607 



_ 12 + 7-V(12 + 7)'-96 
a; - . 

Substituting the observed values we have 

[AByA , 2A'] = - 4144 a; + (1 - a;) [aB, ^^ aI - [AB, yA]. 

The observed and calculated values of the change, when y 
varies from to 3, are presented in the following table. 

observed calculated 

- 446 -4052 -3948 

- 762 -1956 -1964 

- 998 -1328 -1424 
-1194 -1040 -1102 

The greatest difference between the observed and calculated 
numbers is again 104 units, or only 3 per thousand of the value 
of the heat of neutralisation of either acid. 

231. The third and fourth groups of results give data for 
finding 

III. E=^[^AB,^A'B,^A']; 

IV. B = [A'B,yA]. 

The observed results agree, to within 2 per thousand of the 
heat of neutralisation, with those calculated by the aid of the 
formula which Thomson has deduced from the fundamental 
equation of Guldfeerg and Waage's theory. Thomson has also 
applied this method to the reactions occurring between hydro- 
chloric acid, soda, and sulphuric acid; the calculated and 
observed numbers agree very closely. 
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232. This investigation made by Thomsen on the one hand 
affords an independent verification of the theory of Guldberg and 
Waage, and on the other hand shews that thermal methods may 
with advantage be used in investigating the problems of affinity, 
provided the word affinity is employed with at least some such 
meaning as is given to it by the Norwegian naturalists. It seems 
to me veiy doubtful whether measurementa of the quantities of 
heat absorbed or evolved in chemical operations can, in the 
present state of knowledge, help much towards gaining clearer 
notions of affinity regarded aa an action and reaction between 
atoms. 

233. We have repeatedly had occasion to notice the appear- 
ance of a constant number in considering differences between the 
thermal values of comparable reactions. If the term affinity is 
employed to mean the resultant of the actions of the forces 
which come into play in a definite and simple chemical change, 
after eliminating as far as possible all physical and secondary 
changes, then it is possible that the differences between the 
thermal values of such definite and simple chemical processes 
may represent dififeronces between the affinities concerned in 
these processes. Aa an instance of such differences we may 
take the following numbers : — 

[H, J] gaseous. 

X= Cl= 22,000 units. 

X=Br= 12,000 „ 

^-I = - 1,530 „ 
The probable conclusion is, that the differences between the 
affinities concerned in the three comparable reactions, viz. forma- 
tion of gaseo\i3 hydrochloric, hydrobromic, and hydriodic acids 
from their gaseous elementary constituents, are expressed by 
the differences between the numbers 22, 12, and ~ 1'6. If this 
conclusion has any warranty then the differences between the 
thermal values of analogous simple chemical changes in which 
the same elements take part should be capable of being repre- 
sented as multiples of a common number. That this is so, we 
have had occasion to notice more than once'. Here are some of 
the data : — 

' Seo e.g. Chap. xii. jai. Wi. 
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(1) [H,X,Aq]. J = Cl = 39,315;X=Br=28,370;X=I=13,lT0; 

.-. [H, 01, Aq] - [H, Br, Aq] = 10,945 
and [H, CI, Aq] - [H, I, Aq] = 26,145. 

(2) [K,X,Aq]. X=CI=101,170;X=Ei- = 90,230;X=I=75,020; 

.-. [K, CI, Aq]-[K, Br, Aq] = 10,940 
and [K, a, Aq] - [K, I, Aq] = 26,1 50. 

Also [Na, CI, Aq] - [Na, Br, Aq] = 10,930 

and [Ka, Ci, Aq] - [Na, I, Aq] = 26,150. 

The difference between the heat of formation, in solution, of 
a. chloride and a bromide of the same element is 10,940 units ; 
and the difference between the heat of formation, in solution, of 
a chloride and an iodide of the same element is 26,150 units. 
These differences reappear in the following data: — 

[M, Ci', Aq] - [M, Br", Aq] = 2 x 10,940) , ,, „ ^ ^ 
[M, CI, Aq] - [M, 1% Aq] ^ 3 X 26,150J 

Let UB now keep the halogen constant but vary the positive 
radicle, always however replacing one radicle by another 
chemically comparable with it. Thus : — 

{4,660 when X = 01, 
4,650 Ti'henX = Br, 
4,620 when X = I. 
And [Sr, X", Aq] - [Ca, ^, Aq] = 2 x 4,020 when X= CI, Br, or I. 

Another constant difference is exhibited in these numbers : — 



[XSO'Aq, Mg] 



[XCl'Aq, Mg] 



X=re = 5>:17,410 
X-Ou = 7x17,810 
Zn = 4x 18,120 
Od = 5x18,280. 

CX=Fe = 5x 17,390 
|x-Gu = 7x 17,750 
]X=Znx 4x18,520 
U = Cd = 5xl8,130. 



Here we might venture to say that the affinities concerned 
in the replacement of iron, copper, zinc, and cadmium, by 
magnesium, from aqueous solution of the sulphates or chlorides 
of these four metals, are approximately iiv tb.e Ta.t\o a \1 -A-.^- 
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The problems of afiSnity have scarcely aa yet been clearly 
and (icfinitdy stated. When this is done they will already bi 
partly solved. 



Concluding Remarks. 

Wd have been trying to gain some knowledge of the mutual 
relations of chemical and thermal phenomena. Each chemical 
change has presented us with a two-aided phenomenon, a 
change of matter and a change of energy ; we have made some 
attempts to correlate these two transformations. We have 
found it necessary aecuratcly to define the initial and final 
states of every chemical system, the energy-changes of which 
have been considered- As chemical occurrences present 
changes of material configuration they appear to involve trans- 
formations of potential as well as of kinetic energy; hence arises 
a great difficulty in the study of the energetics of these occur- 
rences. 

In attempting to apply dynamical principles to thermo- 
chemical phenomena we have continually met with diffictilties. 
How are we to measiire the force exerted by one chemical 
system on another, or by one part of a system on another part 
of the same system ? In what direction are the forces applied 
whose actions we wish to study ? What shall be our unit of 
force ? 

We have considered various classes of chemical occurrences 
with the view of connecting changes of composition with 
changes of properties especially as the latter are measured by 
changes of energy ; with the view that is to aay of attempting 
to solve the fundamental question of chemistry. 

A thermal study of isomeric changes is likely to yield 
important results in this direction. 

For the most part we have found it necessary to interpret 
thermochemical data apart from any definite theory of the 
structure of matter; but at the same time we have tried to 
proceed on the broad Hues of the molecular theory. 

The phenomena of dissociation presented a class of occur- 
rences at once chemical and physical. These phenomena, more 
J Buppoae than any others in thermal chemistry, are capable of 
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treatment by thermodyDamical methods. At the same time 
they present interesting aspects to the student of pure chemistry, 

Then we were led to consider the great problems of affinity. 
In chemistry wc must not be content with knowing the 
composition of this compound or that, or of this system or that, 
we must not be content even with knowing the changes which 
occur in these systems under defined conditions. We must ask : 
What are the forces at work in these changes ? What are the 
laws of these forces ? Can wo generalise the observed facts 
regarding the mutual actions of chemical systems ? In a word, 
what can we know of chemical affinity ? I have tried to shew 
that thermal methods help us here, but that one must be careful 
to state the problems in such terms as render possible the 
appUcation of the data of thermal chemistry. 

We examined the widest generalisation which has as yet 
been made connecting losses of energy with changes of chemical 
composition ; and we found it too wide. 

Of more promise than the law of maximum work, Thomsen's 
researches on the relative affinities of acids open up a large and 
most important field of inquiry. Again and again we have had 
occasion to turn to this eminent student of nature for data and 
for the interpretation of data. In his TkermocJtemiscke Unter- 
suckwngen Thomson has raised an enduring monument to him- 
self and has done much to rescue chemistry from sinking to the 
rank of mere narrative. 

Chemists have again entered on the path of research opened 
up for them by Berthollet in the early years of this century. 
They are making quantitative measurements of affinities, and 
so are gaining series of numbers each of which expresses many 
facts and suggests many more. When we have accumulated 
measurements of affinities and can compare these values with 
the atomic and molecular weights of the elements and compounds 
whose affinities are known, we shall have made a real advance 
towards understanding the connections which undoubtedly 
exist between chemical composition on the one hand and power 
of doing, or function, on the other. 

But thermal chemistry is yet in its beginning. The facts 
suggest more questions than they answer. Facts here go hand 
in hand with theory. We are not bound \iaui sBfii twiX. '^i'^ '^'i 
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structural formulae which exert so deadly a tyranny in many 
departments of chemistry. Thermal chemistry wants more 
investigation and more interpretation of the facts it has already 
amassed. For the bare facts are insufficient: as soon as we 
look at natural facts we begin to classify; so we connect and 
separate ; and then we theorise. 
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APPENDIX I. 

DATA RELATING TO HEATS OF FORMATION AND 

HEATS OF COMBUSTION. 

I. Heats of formation of compounds of rum^metaU {including a/rsenic, 
antimony y and bismuth) according to the investigations ofThomsen^, 

Unless the contrary is expressed, the thermal values contained in 
the following tables are valid for a temperature of 18 — 20°O at con- 
stant pressure, and for the normal state of aggregation of constituents 
and products at that temperature. 

Hydrogen. 



Beaction 




[C*, H*] 



Thermal 
value 



22,000 
8,440 

- 6,040 
+ 68,360 

4,740 
11,890 
21,750 
28,560 

- 2,710 
-48,170 

/+ 6,090 
[^ 1,110 



Bemarks 



These thermal values are valid 
for the normal state of the ele- 
ments and products. The heat of 
fusion and heat of vaporisation 
Vfor one formula-weight of H^O 
are, according to Regnault, 1,440 
and 9,660 units (at 100°) respec- 
tively. 

Product is gaseous benzene. 




21,984 + 0-9 x« 
12,244 + 0-9 x« 
- 605 + 0-9 X « 
57,903+ 1-6 x< 
8,942 + 1-9 x« 
11,792 + 5-0 x« 



\ 



Valid for the temperature t if 
^ both the elements and the pro- 
ducts are assumed to be gaseous. 



^ ThermochemUche UrUersuchungen^ 2. 897^412. 
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ff , O', Aq] 
H^O, O, Aq] 
H^O' Aq, W] 



Hydrogen peroaddey H^Og. 

45,300 i| Formation and decomposition 
- 23,060 I > of hydrogen peroxide in aqueous 

J sol 



+ 91,420 



solution. 
Oxygen. 



Beaotion 


Thermal value 


Bemarks 




[ff, 0] 


68,360 


Product, liquid. 




OP, o 


- 17,930 


„ gaseous. 




•N^ 0" 


- 17,470 


» » 




■N,0j 


- 21,575 


» >) 




'^'^I 


+ 29,000 


» » 




■s, 0*^ 


71,080 


» » 




'Se, 0^ 


57,080 


„ crystalline. 




- 2,005 


„ gaseous. 


;c, 0'] 


+ 96,960 


f For amorphous carbon, accord- 
\ ing to Favre and Silbermann. 




[s, OT 


.103,240 


Product, liquid. 




'As^ o«" 


154,670 


„ solid. 




T, on 


45,030 


» » 




■p«, O'^ 


369,900 


» » 




[As', 0^] 


219,380 


j> » 



Ohlobine. 
1. VoHous chlorides. 



Beaction 



H, 01 
'I, Oil 
'I, OF] 

o, on 
s^ on 

Se^ OP 
Se, OP 
Te, OP 
P, OP] 
P, OP] 
"As, OP] 
"Sb, OP 
Sb, OP 
Bi, OP 

[0, OP] 



{ 



Thermal 
value 



+ 



I- 



22,000 
6,830 
21,490 
17,930 
14,260 
22,150 
46,160 
77,380 
75,300 

104,990 
71,380 
91,390 

104,870 

90,630 

28,230 

21,030 

6,000 

1,150 



Bemarks 



\ 



\ 



Of the compounds of chlorine 
whose heats of formation are given 
here, HOI and 01,0 are gaseous 
at a temperature of 18 — 20°, while 
at the same temperature 101 , 
SeOl,, TeOl , P01„ Sb0l3, and 
I BiOlg are solid, and all the rest 
liquid. The thermal value is valid 
for the state of aggregation nor- 
mal to the bodies at the tempera- 
ture mentioned, and for rhombic 
sulphur, amorphous selenion, me- 
tallic tellurium, ordinary phos- 
phorus, and amorphous carbon. 
Product, liquid. 

„ gaseous. 

„ liquid. 



/ 
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H, CI] 
H, 01, Aq] 
HCl, Aq] 



2. Hydrochloric acid, HCl. 



22,000 
39,315 
17,315 



Product, gaseous. 

„ aqueous solution. 
Heat of solution. 



3. Hypochloroua acid, HCIO. 



CP, O] 
Cn O, Aq] 
CFO, Aq] 
CI, O, H, Aq] 
NaOHAq, ClOHAq] 



- 17,930 

- 8,490 

+ 9,440 

29,930 

9,980 



Gaseous compound. 

Aqueous solution. 

Heat of solution. 

ClOH formed in aqueous solution. 

Heat of neutralisation. 



CP, 0^ Aq] 
CI, 0^ H, Aq] 
ClOHAq, O'] 
HClAq, O^] 



4. Chloric acid, HC10_. 



-20,480 
+ 23,940 
- 5,990 
- 15,380 



ClgOg formed in aqueous solution. 
CIO3H Aq formed from its elements. 
ClOgHAq formed from ClOHAq. 
ClOgHAq formed from HClAq. 



[K, CI, OT 

[KCl, OT 

'KC10^ Aq] 
K, CI, 0^ Aq] 
;KC10Aq, 0'] 

[KClAq, O'] 

[KOHAq, HOlO'Aq] 



Potassium chlorate, KCIO^. 
95,860 



- 9,750 

- 10,040 

+ 86,820 

- 2,210 

- 15,370 
+ 13,760 



Cryst. KCIO3 formed from its ele- 
ments. 

Cryst. KCIO3 formed from KCl 
and O3. 

Heat of solution. 

KClOgAq formed from its elements. 
„ „ from KClOAq and 

o.. 

KC103Aq „ from KClAq and 
Heat of neutralisation. 



6* Constants oj Oxidation, 



2[H,01,Aq]-[H-,0] 

[H, 01, Aq] - [H, 01, 

0,Aql 
[H, 01, Aq] - [H, 01, 

CHAql 
[01-, Aq^ 



10,270 
9,380 

15,380 
2,600 



Oxidation by water and chlorine 

gas. 
Oxidation by decomposition of 

HClOAq to form HClAq. 
Oxidation by decomposition of 

HC103Aq to form HClAq. 
Heat of solution of chlorine. 
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Bromine. 



Reaction 



Thermal 
value 



Remarks 



[H, Br] 
[H, Br, Aq] 
[HBr, Aq] 



1. Hydrohromic acid-, HBr. 



8,440 
28,380 
19,940 



Formation of the gaseous' 
compound 



from 
liquid 



Formation of the aqueous 1 , ^ . 
, . . bromme. 

solution ; 



Heat of solution. 



[Br», O, Aq] 
[Br, O, H, Aq] 



2. Hypohromoua acidy HBrO. 



-16,190 
+ 26,080 



Formation of Br^O and BrOH in 
aqueous solution, from the ele- 
ments. 



[Br», 0^ Aq] 

[Br, O', H, Aq] 
[HBrAq, O^ 



3. Bromic acidy HBrOg. 



- 43,520 

+ 12,420 
- 15,960 



I Formation of Br fi^ and BrOgH in 
> aqueous solution, from the ele- 
) ments. 
Formation of HBrOgAq by oxida- 
tion of EGBr Aq. 



4. Potassium bromate, KBrOg. 



[K, Br, 0»] 

[KBr, 0»] 

[KBrO^ Aq] 
[K, Br, 0^ Aq] 

[KBrAq, 0»] 

[KOHAq, HBrO^Aq] 



84,060 

-11,250 

- 9,760 
+ 74,300 

- 15,930 

13,780 



Formation of cryst. KBrO^ from 

its elements. 
Formation of cryst. KBrO^ from 

KBr and O3. 
Heat of solutioD. 
Formation of KBrOgAq from its 

elements. 
Formation of KBrOjAq from 

KBrAq and O3. 
Heat of neutralisation. 



5. Constants of Oxidation. 



H,Br,Aq]-rH«,0' 
H, BrAq] - [H', 0" 
[Br», Aq] 



2 
2 



- 11,600 
-12,680 
+ 1,080 



Oxidation by bromine and water. 

„ by bromine water. 

Heat of solution of bromine. 
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Beaotion 



Thermal 
value 



Remarks 



[ 



H,I] 
H, I, Aq] 



[HI, Aq] 



I, o^ H] 
'I^ o^ H^o] 

T, 0^ Aq] 
I, 0^ H, Aq] 

^o^ H'o] 

'^0^ Aq] 
'lO'H, Aq] 
HIAq, on 
HI, 0^ 



1. Hydriodic add, HI, 



- 6,040 
+ 13,170 

19,210 



Formation of gaseous HI. 

„ „ HI in aqueous solu- 
tion. 
Heat of solution. 



) Formation of 1,0^ and IO3H from 
) the elements. 



2. Iodic acid, HIO3. 

45,030 
57,960 
47,570 
43,240 
55,800 
2,540 

- 1,790 

- 2,170 
42,630 
64,000 



^Formation of the same bodies in 
) aqueous solution. 

Formation of the hydmte. 
) Heats of solution of the anhydride 
) and the acid. 

) Formation of lOgHAq and IO3H 
) by oxidation of HIAq and HI. 



[K,I,0»] 

[KI, 0»] 

[KIO*, Aq] 
[K, I, O', Aq] 

[KIAq, O'] 

[KOHAq, HIO*Aq] 

[I, O', H»] 

ri, O*, H', Aq] 
X O*, H, Aq] 
■r, O', Aql 
■I0*H», Aq] 
IHAq, 0*J 

[KOHAq, H'lCyAql 
[2K0HAq,H''I0»Aq] 

M0 T, C 



3. Potassium iodate, KIO^. 
124,490 



44,360 

- 6,780 
117,710 

42,690 

13,810 



Formation of cryst. KIO3 from its 

elements. 
Formation of cryst. KIO3 from KI 

and O3. 
Heat of solution. 
Formation of KIOgAq from its 

elements. 
Formation of KIOgAq from KIAq 

and O3. 
Heat of neutralisation. 



4. Periodic a^cid, H lOg. 



185,780 

184,400 

47,680 

27,000 

1,380 

34,510 

5,150 
26,590 



Formation of crystallised H^IO^ 

from its elements. 
I Formation of periodic acid in 
> aqueous solution, from the con- 
I stituents indicated. 
Heat of solution. 

Formation by oxidation of solution 
of hydriodic acid. 

Heats of neutralisation. 



} 



\«fc 
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5. Iodine cJUoridea, 101 and ICI3. 



1,01^ 
ICl, Cl»] 



5,830 
21,490 
15,660 



Formation of liquid ICL 
„ „ soHd ICI3. 
„ „ IClg from ICl and 



Cl.. 



Sulphur (rhombic). 



Reaction 



Thermal 
value 



Remarks 



[ 



1. Sulphv/retted hyd/rogen, H^S. 



H-,S] 
ff, S, Aq] 



[H-S, Aq] 



[S, 0»] 



4,740 
9,300 

4,560 



Formation of gaseous H^S. 

„ „ HgS in aqueous solu- 
tion. 
Heat of solution. 



2. Svlphwrous amhydridey SO^. 



s, OT 

•S, 0^ Aq] 
S0^ Aq] 
■S0^ Aq] 
■2NaOHAq, SO'Aq] 



[S, 0«] 



71,080 

77,280 

78,780 

7,700 

1,500 

28,970 



Gaseous product (for monoclinic 

sulphur = 71,720). 
Liquid product (latent heat 6,200). 
Formation in aqueous solution. 
Heat of solution. 
Heat of solution of liquid SO^. 
Heat of neutralisation. 



[: 



so^ o] 
s^ o^ H^ 



[2S0^ H^O] 

[S, O*, H-] 

S, 0\ WO] 
'S0^ O, H'O] 
'S0^ H^O] 
'S0^ O^ H*] 
■S, 0\ Aq] 
'S0^ O, Aq] 
'SO^Aq, 0] 
■S0^ Aq] 
SWff , Aq] 
'SO*H^ Aq] 
/52^aOHAq, SO'Aq] 



Sulphuric acid, H^SO^. 
103,240 



32,160 
230,500 

24,020 

192,920 

124,560 
53,480 
21,320 
121,840 
142,410 
71,330 
63,630 
39,170 
54,320 
17,850 
31,380 



Liquid SO3 formed from its ele- 
ments. 

Liquid SO3 formed from SO3 and 0. 
„ HjjSjOy formed from its ele- 
ments. 

Liquid H,S,0, formed from 2S0, 
and H^O. 

Liquid H^SO^ formed from its ele- 
menta 

Formation of liquid H^SO^ from 
the constituents specified. 

Formation of sulphuric acid in 
aqueous solution. 

Heats of solution of the anhy- 
dride and the acids, with 1600 
formula-weights of H^O. 
Heat of neutralisation. 
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4. ThiasiUphurie acid, H^SgOg. 



rS», 0», Aq] 
■S», 0», H-, Aq] 
SO', S, Aq] 
SO'Aq, S] 
SO'Aq, Sff] 

[Na«, S», 0^ 5H»0] 



69,470 
137,830 

- 1,610 

- 9,310 

- 9,320 

265,070 



!- Fonnation in aqueous solution. 

'^ Formation from sulphurous acid 
J and sulphur. 

Formation from SH, and aqueous 
sulphuric acid. 

Product, Na^S.Og.SH^O. 



5, DUhianic cudd, H S,0 . 



S», O*, Aq] 
S», 0«, H», Aq] 
2S0», O, Aq] 
2S0»Aq, O] 
SO'Aq, SO^Aq] 
K»SO*, S0«] 

K»OAq, S»0*Aq] 
K», S', on 
K»S»0^ Aq] 



211,080 

279,440 

68,920 

53,520 

10,110 



27,070 

415,720 

13,010 



} 



} Fonnation of aqueous solutions 
from the elements. 

Formation by oxidation of SO^ 
or SO,Aq. 

Formation from SOgAq and SO^Aq. 
Formation of K,S,0« from K SO, 

_^ ■ j{ o 8 4 

and SO,. 
Heat of neutralisation. 
Heat of formation of K„S„0„. 
Heat of solution of the same. 



6. TetrcUhionic add, H„S^O^. 

' 8 4 



S^ O*, Aq] 
"S*, 0«, H», Aq] 
*"SWH»Aq, S»] 



[2S»0'H»Aq, O] 
[K», 0», S», 2S0»] 



192,430 

260,790 

- 18,650 

53,490 

255,050 



} Formation of aqueous solutions 
from the elementn. 
Formation from dithionic acid and 

Formation by oxidation of thio- 

sulphuric acid. 
Formation of crystallised K^S^O^. 



[: 



s», a»] 
s»a», s«] 



7. Svlphv/rou8 chloride, ^S^%' 



14,260 
1,660 



Direct formation. 

Heat of solution of sulphur in S^Olj 



\ 



s, o», a»] 

SO", Cl»] 



8. Stdphv/ryl chloride, SOjCl,. 



89,780 
18,700 



Formation from the elements. 



>j 
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SO, and CI,. 



,■«. < 
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1. Selenimi chlorides, Se.Cl, and SeCl^. 



Se", Cl'l 
■Se,Cl'f 
Se'Cl', 3C1'] 
SeCl*, Aq] 



86,0*] 
Se, O*, Aq] 
SeO*, Aq] 
;Na*OAq, SeO-Aq] 



Se, 0", Aq] 
SeO', 0, Aq] 
SeCAq, 0] 
Na'OAq, SeO'Aq] 



22,150 
46,160 
70,170 
30,370 



■ Direct formation. 

Formation of SeCl. from Se,Cl,. 
-Heat of solution of selenion tetra- 
chloride. 



2. Selenious oinde, SeO, 
57,( 



Formation of crystallised oxide. 
„ in aqueous solution. 

Heat of solution. 
Heat of neutralisation. 



3. Selenic acid, HSeO . 



76,660 
19,580 
20,500 



Formation from the elements. 

„ „ eryst. SeCL. 

„ by oxidation of 8eO,Aq. 

Heat of neutralieation. 



1. TeUurium tetrachloride, TeCl^. 

[Te, CI*] I 77,380,1 Direct formation. 

[TeCl*, Aq] I 20,340 1 Dec'jinjjosition by water. 

2. TeUurous acid, H.TeO,. 

[Te, O", H'O] 1 77,180 | Formed from tellurium, 

I and water. 

3. Tdlinric acid, H.TeO,. 



[Te, C, Aq] 
[TeCH-O, 0, Aq] 



98,380 j Direct formation in aqueous soln- 

21,200 Formation bv oxidation of 

I ■ Te0^H,0. 
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Beaction 



Thermal 
value 



Bemarks 



1. Ammonia^ N^Ha* 



[N, HT 


11,890 


Heat of formation. 


N, H«, Aq] 


20,320 


Formation in aqueous solution. 


,NH^ Aq] 


8,430 


Heat of solution. 


NH'*, HC11 
NH^ HBr 


41,900 


'j Formation of the crystallised 


45,020 


compounds from the gaseous con- 


NH^ HI 


43,460 


(stituents; e.g. NH^Cl from NHg 


NH^ H^g] 


22,440 


and HCl. 


"N, H^ ClT 


75,790 


> 


N, H*, Br] 


65,350 




X m 11 


49,310 


1 Formation of the salts from the 


N, H^ S 


39,070 


elements. 


N^ H^ 0' 


64,950 




88,060 


J 


'Nff Aq, HClAqJ 
NffAq, ffSAqJ 


12,270 
6,190 


> Heats of neutralisation. 


2. 


Hyd/roxylaminey NOTTg. 


[N, H«, 0, Aq] 


24,290 


Formation in aqueous solution. 


NH'Aq, 0] 


3,970 


„ by oxidation of NHgAq. 


N, 0, H^ CI 


76,510 


of cryst. NH3O.HCI 






from the elements. 


NOH'Cl, Aq] 
'NWH*.H*SC*,Aq] 


- 3,650 


) H eats of solution of the chloride 


960 


] and sulphate. 


NOH'Aq, HClAq 


9,260 




'2N0ff Aq, 


21,580 


> Heats of neutralisation. 


H*SO*Aq] 




) 




3. Nitrous oxide^ N^O. 


N', 0] 


- 17,470 


Heat of formation. 


'NO, N] 
'N«0, 2H»0] 


+ 3,835 

- 30,920 


Formed from NO and N, 
Product, NH^.NOg. 




4. Nitric oodde, NO. 


[N,0] 


- 21,575 


Heat of formation. 


:nu 0] 


- 25,410 


Product, 2N0. 



214 



APPENDIX I. 



^N^ 0^ Aq] 
N, 0«, H, Aq] 
"N^'O", O, Aq] 
NO, O, H, Aq] 
'N^ 2H*0] 



N, 0«] 
"NO, O] 
'N0^ Aq] 



5. Nitrous acidf HNO^. 

\ Formation in aqueous solution. 

„ from NO. 
Product, NH^.NO,. 

6. Nitrogen dioxide, NO,. 

- 2,005 



6,820 
30,770 
36,330 
52,345 
71,770 



} 



+ 



19,570 
7,755 



Heat of formation. 
Formed from NO and O. 
Heat of solution. 



■N^ 0^ Aq] 
'N-0, 0^ Aq]^ 
'N^O^ 0^ Aq] 
'W0\ O, Aq] 
N, 0^ H] 
NO, 0^ H] 
'N0^ O, H] 
'W0\ O, ff O] 
'NO'H, Aq] 
'N, 0^ H, Aq] 
NO, 0^ H, Aq] 
■N0^ O, H, Aq] 
NO'HAq, O] 
•NaOHAq,HNO'Aq] 



7. Nitric acid, HNO3. 

29,820 
47,560 
72,970 



33,830 
41,610 
63,185 
43,615 
18,770 
7,840 
49,090 
70,665 
51,095 
18,320 
13,680 



Formation in aqueous Holution, 
by oxidation of N^, N^O, N^O, or 



N.O,. 



I Formation of HNO3 from the 
constituents mentioned. 

Heat of solution. 

Formation of HNOg in aqueous 
solution. 



'c^ N*] 

■C, N, H] 

'C^N^ H^ 



Heat of neutralisation. 

8. Cyanogen, and Hydrocyanic acid. 
- 65,700 



- 27,480 
+ 10,740 



I Gaseous products. 
Product, 2CNH. 



Phosphorus. 



Keaction 



Thermal 
value 



Bemarks 



1. Chlorides and OxycMoride, 



■p, cn 

■p, CP] 

■p, cl^ o] 

'POP, Cl^ 
■PCF, O] 
'POP, Aq] 
'POP, Aq] 
[POCr, Aq] 



75,300 

104,990 

145,960 

29,690 

70,660 

65,140 

123,440 

72,190 



/ Birect formation from the ele- 
i ments. 

[■ Formation from PCI 



8* 



I 



Heats of solution. 
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2. Hypophosphorovs acid, HgPOg. 



[P, O', H»] 
[P, O', H', Aq] 

[PO'H», Aq] 



[ 



P«, O, 3H'0] 
P^ O, Aq] 



[p, o^ ff ] 

[P, 0^ ff , Aq] 
[PO^ff , Aq] 



[ 



F, O', 3H»0] 
P', 0», Aq] 



[P, 0^ ff ] 

[P, OS H», Aq] 

[PO'H', Aq] 

P', O'] 

F, O', SH'O] 

F, O', Aq] 



{ 
I 



139,970 

137,660 

139,800 

170 

+ 2,140 
74,860 
74,520 



Crystallised acid. 

Liquid acid. 

Aqueous solution. 

Heat of solution of the crystallised 

acid. 
Heat of solution of the liquid acid. 
Product, crystallised acid. 
Aqueous solution. 



3. Phoaphorous add, H3PO . 



{ 



227,700 

224,630 

227,570 

130 

+ 2,940 
250,320 
250,060 



/ 

{ 



Crystallised acid. 

Liquid acid. 

Aqueous solution. 

Heat of solution of the crystallised 

acid. 
Heat of solution of the liquid acid. 
Crystallised acid. 
Aqueous solution. 



4. Phosphoric add^ HgPO^. 



302,600 
300,080 
305,290 
2,690 
5,210 
369,900 
400,120 
405,500 



Crystallised acid. 
Liquid acid. 
Aqueous solution. 
Crystallised acid. 
Liquid acid. 
Anhydride. 
Crystallised acid. 
Aqueous solution. 



Reaction 



Absenic. 



Thermal 
value 



Bemarks 



[As, Cl^ 
[AsCP, Aq] 



1. Araenious chloride, AsClg. 

71,390 Heat of formation. 
17,580 Heat of solution. 



2. Araenioua oxide, As O . 



As^ on 

As', 0^ Aq] 
'As"0^ Aq] 
Na'OAq, As»0»Aq] 



154,670 

147,120 

- 7,550 

+ 13.780 



Anhydride. 

Formation in aqueous solution. 

Heat of solution. 

Heat of neutraiifiotioii. 
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As", O*] 

As', O*, 3ff O] 

'As"0*, 3H"0] 



As", O*, Aq] 
As, O*, H»] 

AsW, O'] 
AsWAq, O"] 

[As"0*, Aq] 
[AsO*ff , Aq] 



3. Arsenic acid, H^AsO^. 

Anhydride. 

Solid acid. 

Acid formed from As„0. and 
3H,0. 

Aqueous solution. 

Crystallised acid. 
\ Oxidation of arsenious oxide to 
V form arsenic oxide. Measured di- 
) rectly = 64,860 and 78,410. 

[ Heats of solution. 



219,380 

226,180 

6,800 

225,380 
215,630 

64,710 
78,260 



6,000 
400 






Antimony. 



lieaction 



Thermal 
value 



Bemarks 



1. CMoridea, 



sb, cr 

"Sb, CP" 

;sbcp, cp] 

[SbCP, Aq] 
[SbCP, Aq] 



■Sb^ 0^ 3H"0] 

;sb, o^ H, H*o] 



Sb», O*, 3ff O] 
"Sb, 0^ H, H«0] 
'SbO^ff, O] 



} 



91,390 
104,870 

13,480 
7,730 
8,910 

35,200 



} 



Heats of formation. 

SbCl, formed from SbCl3. 
Complete decomposition. 
Formation of Sb.O.Clj,. 



Complete decomposition. 
2. Antimonums add, 
1 1 7'8<)0 f^<>'^'^^*io^o^solidacidHSbOg.HjO. 

3. Antinwnic acid. 

228,780 
148 570 
30,680 



>• Formationof solidaoidHSb03.HgO. 






Bismuth. 



Beaction 



Thermal 
value 



Bemarks 



1. Bismuthcms chloride and Bismuthoua oxycMoridey 



BiCL and BiOCL 



Bi, CP] 

"Bi, O, CI, ff 0] 
"BiCP, H«0, Aq] 

BiCP, 3H"0, Ay 
[BiO'H', HCIAqJ 



90,630 

88,180 

7,830 

6,350 

14,180 



Heats of formation. 

Formation of BiOCl . Kfi. 

Bi03H3 from BiO,. 
BiOCl from BiO A 



)j 



}> 
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I 



Bi, 0«, H, H'O] 



2. So-called bismuthic €bcidy BiOgH^. 

' Heats of formation. 



137,740 
103,050 



Cabbon. 



Beaotion 



Thennal yalue 
for gaseous products 



At constant 
pressure 



At constant 
volume 



Remarks 



1. Gonvpov/nds with hydrogen. 



c, m 




1 


21,750 


21,170 


Methane. 




28,560 


27,400 


Ethane. 


■c^ H*" 




- 2,710 


- 3,290 


Ethylene. 


'Q\ W 




- 48,170 


- 48,170 


Acetylene. 


;c«, H«j 




- 1,110 


- 2,270 


Heat of formation for 








liquid benzene = + 6090. 


c^H^ w 




+ 45,460 


+ 44,880 


Product, C,H^. 


C'H^ H'" 




31,270 


30,690 


„ 2CH,. 


C'H^ W 




14,940 


14,940 


2. Gompoimds with chlorine. 


c, cn 
■c^ cn 


21,030 


20,450 


For liquid CC1, = 28, 230. 


- 1,150 


- 1,730 


C,C1, = 6000. 


'c^cr, on 


43,210 


42,630 


Product, 2CC1,. 


'CCl*, 4Hn 


88,720 


88,720 


CH, + 4HC1. 


CH*, 4a*" 


87,280 


87,280 


CC1, + 4HC1. 


3. Gom^omida with oxygen cmd mlphv/r. 


0,0] 


29,000 


29,290 




96,960 


96,960 


According to Favre and 








Silbermann. 


rc, S»] 


- 26,010 


- 25,430 


For UquidCS,=- 19,610. 


"C, 0, SI 

■c, 0, cl«] 


37,030 


37,320 


-s 


55,140 


54,850 




CO, 0] 


67,960 


67,670 


I Heats of formation. 


'CO, S] 


8,030 


8,030 




:co, d-] 


26,140 


25,560 


•rf 


4. Gompovrnda with nitrogen. 


c", Nn 
'c, N, bi 

■C«, N», H»] 
■C"H", N«] 


- 65,700 


- 65,700 




- 27,480 


- 27,480 


For liquid CN H =-21,780. 


+ 10,740 
- 6,790 


+ 10,740 
-. 6,790 


■Product, 20NH. 


CNH, 


31 


P] 


+ 61,120 


+ 59,960 


Prodwct, OIL^^^IL^. 



APPENDIX I. 

5. Oxalic acid awl Carlxnt dioxide. 



C, O', H", 2H'0] 
C'O'H', 2H'0] 
■C'O'H', Aql 
CO'H' . 2H'0, Aq] 

'CO', Aql 
"0, 0', Aq] 
'CO, O, Aq] 
'200, O, Aq] 



203,540 

208,870 

6,330 

- 2,260 
■ 8,590 

- 5,880 
102,840 

73,840 
73,920 



Product, dehydrated acid. 
„ cryHtallised acid. 
Formation of the hydrate. 
I Heats of solution of oxalic acid. 
Heat of solution of carbon dioxide. 
■ Product, CO,Aq. 
C,0,Aq. 



II. Seats of formation of compomids of metals according to (he 
investigations of Tkomsen'. 

All the values hold good for a temperature of about IS'C, and 
for tb? normal state of the bodies at that temperature. 

In tables 1, 2, 3, and 5, column 1 contaius the formula, uid 
therefore shows the constituents of the compound ; column 2 containe 
the quantity of heat evolved in the reaction, and column 3 the heat 
of solution of the product ; while the value in column 4, which is the 
sum of the corresponding values in columns 1 and 2, expresses the 
quantity of heat evolved supposing the compound to be formed in 
presence of a large quantity of water. 



Metallic ghlouides. 





Heat of forma- 




Heat of forma- 
tion of the 










compound 




aqUBOUB BOluWOD 


K', Cl'l 
Na', CPl 


211,220 


- 8,880 


202,340 


195,380 


- 2,36U 


193,020 


Li', ClT 
Ba,Cl'j 


187,620 


+ 16,880 


204,500 


194,740 


+ 2,070 


I 196,810 


Ba, CI , 2H'0] 

sr, cin 


201,740 


- 4,930 


184,550 


+ 11,140 


1 195,690 


[Sr, Cl^ 6H'0] 


203,190 


- 7,500 



' TheTmochemUclie Untersuchiingeii, 3. 505-522. 
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21S^^| 




rCa, 01-] 


169,820 


+ 17,410 


^^1 




Ca, CI', 6H'01 


191,980 


- 4,340 




Mg, CI'] 


151,010 


+ 35,920 


^H 




Mg, CI', 6H'01 


183,980 


+ 2,950 




Ai", on 

Mn, Cl'l 


321,960 


+ 153,690 


^H 




111,990 


+ 16,010 


1 128,000 ^H 




Mn, CI', 4H'01 


126,460 


+ 1,540 




Zn, Cl'l 


97,210 


+ 15,630 


^H 




Od, CI' 


93,240 


+ 3,010 


^^1 




Od, 01', 2H'01 


95,490 


+ 760 




]?e, CI'] 


82,050 


+ 17,900 


1 99,950 ^H 




Fe, CI', IH'O] 


97,200 


+ 2,750 




Fe', CI"] 
Co, Cl-f 


192,080 


+ 63,360 


^^1 




76,480 


+ 18,340 


1 94,820 ^^1 




Co, ei', 6H'0] 


97,670 


- 2,850 




Ni, CI'] 


74,530 


+ 19,170 


1 93,700 ^H 




Ni, CI', 6H'0] 


94,860 


- 1,160 




Cu', 01'] 


65,750 





^^^1 




Ou, CI'] 


51,630 


+ 11,080 


[ 62,710 ^H 




Cu, or, 2H'0] 


58,500 


+ 4,210 




Pb, Cl'l 


82,770 


- 6,800 


^H 




Hg", CP] 


82,550 


. 


^^^H 




63,160 


- 3,300 


^^H 




Hg, CI', 2K01, H'O] 


69,290 


- 16,390 


52,900 ^^M 




Tl', Cl'i 


97,160 


- 20,200 


76,960 ^H 




IS: si) 


58,760 


— 


^^^H 




11,620 





^^^1 




Au, CIM 


22,820 


+ 4,450 


^^1 




Au, CI', 2H'0] 


28,960 


- 1,690 




All, CI', H, 4H'01 


76,950 


- 5,830 


^B 




Sn, 01'] 


80,790 


+ 350 


^^1 




Sd, CI', 2H'0] 


86,660 


- 6,370 




8n, CI', 2KC1, H'Ol 


85,680 


- 13,420 


^^1 




8n,a*l 


127,250 


+ 29,920 


157,170 ^^1 




Sn, CI', 2KC1 


151,400 


- 3,380 


146,020 ^H 




Pd, CI', 2K01' 


52,670 


- 13,630 


^H 




Pd, CI*, 2K,a 


79,060 


- 15,000 


64,060 ^^1 




pt, a', 2KC1T 


46,170 


^ 12,220 


32,960 ^^H 




Pt, CI', 2AinCn 


42,550 


- 8,480 


^^1 




Pt, CI', 2KC1 
Pt, 01', 2NaO!l 


89,500 


- 13,760 


^H 




73,720 


+ 8,540 


^H 




Pt, CI', 2Na01, 6H'0] 


92,890 


- 10,630 




Te, Cl'l 


77,380 


+ 20,340 


^^1 




MGf] 


71,390 


+ 17,580 


88,970 ^^H 




8b, Cl'l 


91,390 




^^^1 




8b, Cl"1 


• 104,870 




^^^1 


■ ft""J 


90,630 


_ 


^ 



220 


appendix i. 
Metallic bromides. 


% 


The values are calculated for liquid bromine. 


Reacfcio^H^ 




bromine water are 1030 units less than the figures in 


the table. 






Heat of forma- 


HeatofBolnMon 


Heat of forma- 
tion of the 


Beaation 


tion of the 


of the 










compound in 
a^iQEona solntion 




K; Br-l 


190,620 


- 10,160 


180,460 




Na", B.^] 

Na', Br', iH'O] 


171,540 
180,580 


380 

- 9,420 


1 171,160 




Li', Br-l 








182,620 




Ba, Br'j 


169,960 


+ 4,980 


174,940 ■ 




Ba, Br", 2H'01 


179,070 


- 4,130 




8r, Br'l 


157,700 


+ 16,110 


173,810 1 


^^L 


8r, Br*, CH'O] 


181,010 


- 7,200 


■ 


Ca,Br^] 

Ca, Br", 6H'0] 


140,850 
166,450 


+ 24,510 
- 1,090 


i 165,360 




Mg, Br'l 








165,050 


^H 


Al', Br"' 


239,440 


+ 170,600' 


410,040 


^^1 


Md, Br' 








106,120 




Zq, Bi^J 


76,930 


+ 15,030 


90,960 


^^H 


Cd, Br'l 


75,200 


+ 440 


[ 75,640^ 


^H 


Cd, Br" 4H'01 


82,930 


- 7,290 


^H 


Fe, Br'l 








78,070 ' 


^^B 


Co, Br' 








72,940 


^^H 


Ni.Br' 





— ■ — 


71,820 




Cu', Brn 


49,970 






^H 


Cu, Br'f 


32,580 


+ 8,250 


40,830 


^^H 


Pb, Bi^' 


64,450 


- 10,040 


54,410 


^^M 


Hg", Bi^] 


68,290 








^^M 


Hg, Br^]' 


50,550 








^H 


Hk, Bi'' aKBrl 


51,780 


- 9,750 


42,030 




Tl', BrH 
Tl', Br' 
V. Br 1 
Au', BrH 


82,590 






^H 








112,900 


^^1 


45,400 










160 






^H 


Au, Br>] 


+ 8,860 


- 3,760 


5,090 


^^H 


Au, Br', H, oH'Ol 


52,560 


- 11,400 


41,160 


^^H 


Ft, Br', 2KBrl 


32,310 


- 10,630 


21,680 


^^H 


Pt, Br*, 2KBr] 


59,260 


- 12,260 


47,000 


^H 


Pt, Br', 2N"aBr] 


46,790 


+ 9,990 


t 56,780 


■ 


Pt, Br*. 2NaBr, 6H'0] 


65,330 


- 8,550 


^H ' ThiB value iBt 


ikan from BerUielot's inveatigfttion 


^ 



r 
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Metallic iodides. 



The values are calculated for solid iodiii 



Reaction 


Heat of forma- 
lioQ of the 


HeatofBolution 
of the 


Heat of foima- 
tion of the 
oomponnd in 


K", in 


160,260 


- 10,220 


150,040 


Nft', I', 4H'01 


138,160 
148,620 


+ 2,440 
^ 8,020 


} 140,600 


Li^ r] 





^ . 


162,200 


Ba, I', 7ff 0] 


151,370 


- 6,850 


144,520 


Sr, ri 








143,460 


ca, in 


. .- . 


. 


134,940 


Al", I^ 


140,780 


+ 178,000 


318,780 


Mg, I' 


— . — 





134,630 


Mn, I' 








75,000 


Zn,!' 


49,230 


+ 11,310 


60,540 


Cd, I" 


48,830 


960 


47,870 


Fe, I- 





■ ■ 


47,650 


Co, I' 






42,520 


Ni,r 








41,400 


Cq', I J 


32,520 






Pb, IT 


39,800 










48,440 








34,310 





— 


Hg, I', 2KI1 


37,350 


- 9,810 


27,540 


Tl', I'l 


60,360 






Ag-.I^] 

An', li 


27,600 


. 


__ 


- 11,040 






Pd, I', H'O] 


+ 18,180 









n 



Compounds formed by the action of aqtjeotjs solutions 
op the haloid acids on haloid compounds of the metalb. 

If mercury is dissolved in hydrobromic acid, and bromine is 
added, the result is a solution of HgEr^ 2HBr, with au evolution of 
52,190 units of heat The same solution may also he formed by 
dissolving mercuric bromide in hydrobromic acid, but in this case 
the thermal value is leas hy the heat of formation of mercuric bromide^ 
for 

[Hg, Br", 2HBrAq] = [Hg, Br"] + [HgBr", 2HBrAq] ; i 

and since [Hg, Br*] - 50,560, it follows that 

[HgEr*, 2HBrAq]= 1,640. 



!2 APPENDIX 1. 

In this way we find the following values : — 
[HgCl", 2HO]Aq] = -l,380 
fHgBr", 2HBrAq]=+ 1,640 
[Hgr, 2HIAq]= 3,460 
[AnCr, HClAq] = 8,980 
[AuBr*, HBrAq] = 3,940. 
We may also cflloulatc the thermal value of the reaction of an 
aqueous solution of one of the haloid acids on an aqueous solution of 
any of the haloid salts in the above table. 
Thus required tlie value of the reaction 
[Au, or, KClAq]. 
This reaction, if expanded thermally, may be written thus 

[Au, CI', HClAq] = [An, 01'] + [AuCl', HCl Aq], 
Now [Au, Ci'] = 22,820 (p. 219) 

and [AnCl', HClAq] = 8,980. 

Sum = 31,800. 
Bat the above reaction [Au, CI', HClAq] may also be written 
compoBed of the parts 

(1) [Au, CI', Aq], and (2) [AuOl'Aq, HClAq]. 
Now [Au, CI', Aq] = 27,270. 

Hence [AuCl'Aq, HClAq] = 31,800 - 27,270 

= 4,530. 
The heats of neutralisation of all the acids in the table on p. 223^— 
regarding, that is to say, HgClj2HCl &c., as definite acids — are 
equal to that of hydrochloric, hydrobromic, and hydriodic acid 
respectively, viz, 27,200 gram-unita for 2NaOH. Hence, the heat 
evolved in the formation of a soluble salt of one of the acids in 
question is equal to that evolved in formation of the acid itself. Thus 
[Pt, 01", 2HClAq] = [Pt, CI", 2NaClAq] = [Pt, CI', MgOl'Aq]. 
This statement holds for the Baits of the alkalis, of the alkaline 
earths, and of the bases of the magnesia series. A further conse- 
quence is that platinous chloride, e.g., dissolves with equal develop- 
ment of heat in Bolutions of hydrochloric acid, calcium chloride, 
magnesium cliloride, or other metallic chlorides. 



I 
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I. 


Beaotioii 


Thermiil nine 


[Hg, CI', SHClAql 
Hg, Br*, 2HBrAq] 
Hg, I', 2HIAq] 


61,780 
52,190 
37,760 


[Sn, CI', 2HClAxi] 
[Sn, a.\ SHClAq] 


81,000 
156,920 


[Pd, a.', 2HClAql 
[Pd, CI*, 2HClAq] 


47,920 
72,940) 


Pt, CI', SHClAq] 
Pt, Br", 2HBrAq] 
Pt, CI', 2HClAq1 
Pt, Br*, 2HBrAq] 


41,830 

31,840 
84,630 
67,160 


[Ah, CI', HClAq] 
[An, Br", HBrAq] 


31,800 
12,790 



Metallic cyanidbs. 
e remarkB prefixed to preceding tables (p. 218), 









Heat of fonna- 












eomponnd 


compoimd 


aqueous boIqUoq 


K', C/j 


130,700 


- 6,020 


124,680 


Zn,Cf 


53,400 








Cd, Cy"- 


—— 





33,960 


Hg, Cy")^ 


18,960 


- 2,970 


15,986 


Ag', Cv''] 










Zd, C/, 2KCyAq] 








62,230 


Cd, Cf, 2KCyAq1 








44,750 


Hg, Cy", 2KCyAql 








27,780 


Ag', Cy", 2K:CyA^ 








15,780 



Mbtallic oxideb and hysboxides. 



Eeaotion 


Therms value 


BeiMtioD 


Thermal value 


K>, 0, Aq] 
W, O, Aq] 
Li', 0, Aql 

•n; o, A^ 


164,560 
165,260 
166,520 
39,160 


[K, 0, H, Aq] 
Na, 0, H, Aq] 
Li, 0, H, AiA 
■I1,0,H,A^ 


116,460 

111,810 

\ \WA« 
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^1 [Ba, 0, Ao] 
^M Sr, 0, AqV 
H Ca, 0, a4\ 


158,7601 
167,780 


Ba, 0". H', Aq] 

Sr, 0', H', Aq] 
Ca, C, H^ Aq] 


227,120 
326,140 


149,260 


217,620 


■ 


[K', 0, H'O] 
H»', 0, H'O] 


137,980 


N^', 01 


99,760) 




135.380 


Tl', 0] 
Hg", 

Cu', OJ 
Ag-, 


42,240 


^^m 


Tl', 0,H'01 


45.470 


42,200 


' 


Ba, 0, H'OJ 


146.500) 


40,810 




Sr, 0, H'O] 


140,140 


5,900 


■ 


(3., 0, H'oi 


146,470 


Ba,0 


124,240? 


^■_ 


Mg, O, H'<J] 


148,960 


Sr, 


128,440 


H 


Mn, 0, H'O] 


94,770 


Ca,0 


130,930 




Zn, 0, H'O 


82,680 


Pb, 


50,300 


^^H 


Sn, 0, H'O 




68,090 


Cu, 


37,160 


H 


Fe, 0, H'O 




68,280 . 


Hg,0 


30,670 




a, 0, H'O 




65,680 


As', 0*1 


154,590 




Co, 0, H'O 




63,400 


As', OT 


219,380 


^ 


Ni, 0, H'O 


60,840 








Cu, 0, H'O 


37,520 


Al', 0=, yH'O 




388,920 




Pd, 0, H'O 


22,710 


Fe', 0', yH'O 




191,150 


1 


Pt, 0, H'O 


17,*i80 


Co', 0^ yH'O 




149,380 






Nl', 0', yH'O 




120,380 


^ft Sn, 0-, H-0] 
^M Mi, 0-, H'01 


133,500 


T!', 0', yH'OT 




86,340 


116,330 


Au', 0=, yH'O] 


- 13,190 


^B Pd, 0-, H-OI 
^B Te, 0', H-of 
^^B F', 0', 3H<01 
^H Ab', 0-, 3H'6] 
^H [Sb', 0-, 3H'0] 


30,430 






77,180 


Pb', 0=, 3H'0 
Sb', 0^ 3H'0' 
Bi', 0', 3H'0] 


250,320 


400,120 


167,420 


236,180 


137,740 


228,780 




^J 


1 


MeTAIJ,1C BULFBICES. ^^^^| 


Benetton 


Thermal valne 


Beaotion 


Ttermal value 


■ 


[K', a. A,] 


113,300 


K, S, H, Aq] 


65,140 




N«', S, Aq] 


104,000 


Na, a, H, Aq] 


60,490 


^^H 


Li', S, Aq] 


115,360 


Li, S, H, Aq] 


66,120 


^^H 


Ba, S, Aq] 


107,670? 


Ba, 8', H', Aq] - 


134,750 f 


^^H 


Sr, S, AqT 


100,690 


Sr, S', H", AqT 


123,770 




Ca.S, AiTl 


98,170 


Ca, S', H', Aq] 


115,2fi0 


^^M 




Mg, S', H', Aq] 


114,880 


■ 


-Mn, S, j-H'O] 1 


46,400 








Zn, S, jH'O 




41,580 


Tl', S] 


21,660 




Od, S, tH'O 




34,360 


Pb, 8 


20,430 




Fo, S, jH'O 




23,780 


Cu^ SI 
Hg, S] 


20,270 




Co. S, vH'O 




21,740 


16,890 


J-MHyB-o 


u 


19,400 


5,340 



Kb4CTI0N3 of CASEOCS AC1D8 ON METALLIC OXIDES. 

The products of the reactions represented in the following table 
are, respectively, metallic chlorides, bromides, iodides, cyanides, or 
salphides, and water. In eyery instance the action of hydriodic acid 
is attended with the evolution of more heat than the action of 
hydrobromic acid, and the action of the latter acid is attended with 
the evolution of more heat tban the action of hydrochloric acid. 
This statement also holds good when aqueous solutions of these acida 
rea«t on aqueous solutions of metallic salts, provided the haloid 
compound is insoluble, or nearly insoluble, in the liquid present. 
Thus, if we precipitate an aqueous solution of a nitrate by means 
of a solution of hydrochloric, hydrobromic, or hydriodic acid, the 
evolution of heat, on complete precipitation of the haloid compound, 
is as follows: 





H,C1^ 


HjBr^Aq 


H,I,Aq 


TINOAn 

H Ag,N.O.A,, 


20,350 
31,710 
24,290 
15,820 
4,420 


27,640 
40,220 
31,900 
25,080 
7,980 


35,840 
52,840 
42,470 
39,260 

13,750 



The heats of neutralisation of the alkaline salts of these three acids 
being equal to that of nitric acid, the evolution of heat is the same, 
whether the niti-ate ia pi-ecipitated by a solution of hydi-ocLloric acid, 
or by a solution of potassium chloride, sodium chloride, magnesium 
chloride, &a. 

Further, the thermal value of the decomposition of the insoluble 
chlorides and bromides by solutions of comjiounds of bromine and 
iodine with the alkaline and various other metals is the difference 
between the corresponding numbers of the above table j e.g. 
[Ag'Cl^ 2KBrAq] = 40,220-31,710 = 8,510 
[Ag'Cl', 2KIAq] = 52,840-31,710 = 21,130. 



Oxide 


H,Ci, 


H,Br, 


Hjlj 


H.Cj, 


ES 


T1,0 


79,280 


91,820 


98,560 


_ 


43,040 


Ag.O 


77,220 


90,980 


103,140 


54,510 


63,g60 


H«,0 


64,710 


77,570 


86,680 


_ 


_ 


CuO 


49,300 


60,640 


72,150 




43,080 


HgO 


66,840 


71,360 


84,070 


46,910 


49,830 


PbO 


56,830 


65,630 


69,910 


__ 


33,750 


OoO 


38,830 


46,900 


— 


— 


— 



Metallic sulphates. 

The Bulphates specified in the following table are formed from metal, 
oxygon, and gaseous sulphurous oxide. To find the thermal value of 
the formation of any sulphate from its elements, add to the given 
thermal value that of the formation of sulphurous oxide [8, O'] 
= 71,080. Tlie sum of the values contained in the two columns vfill 
give the heat of formation in aqueous solution. 



Eeaetion 


Themml 
Tolue 


Heat of 

solution 


K', 0', SO'] 

ua', 0', ad'] 


273,560 


- 6,380 


257,510 


+ 460 


Na', 0', SO', lOH'O] 


27(i,730 


- 18,760 


Li', 0', SO"] 


263,090 


+ 6,050 


Li", 0", SO", H'O] 


265,730 


+ 3,410 


Tl', 0', SO'l 
Ag', 0', SO^ 


149,900 


- 8,280 


96,200 


- 4,480 


Pb, 0', SO'l 


145,130 


_ 


Ba, 0", SO'J 


266,990) 


- 5,580 


Sr, 0", SO'J 


259,820 


— 


Ca, o', son 


247,290 


+ 4,440 


Ca, 0', SO', 2H'01 


252,030 


- 300 


Mg, 0', SO'] 


231,230 


+ 20,280 


Mg, 0', SO', H'O] 
Mg, 0', SO', 7H'(!)] 


238,210 


+ 13,300 


255,310 


- 3,800 


Mn, 0*, SO'] 


178,790 


+ 13,790 


Mn, 0', SO', H'O] 
Mn, 0', SO', 5H'0] 


184,760 


+ 7,820 


192,540 


+ 40 


Zn, 0', SO'l 


158,990 


+ 18,430 


Zn, 0', SO', H'O] 
Zn, O', SO-, 7H'0] 


167,470 


+ 9,950 


181,680 


- 4,260 


Cd, 0', SC] 


150,470 


+ 10,740 


Cd, O', SO', H'O] 


155,160 


+ 6,050 


Cd, 0", SO', iiH'O 




168,550 


+ 2,660 


Co, 0', SC, 7H'0 




162,970 


- 3,570 


Ni, 0', SO', 7H'0 




162,530 


- 4,250 


Fe, C, SO', 7H'0 




169,040 


^ 4,510 


Cu, 0', SO*] 


111,490 


+ 15,800 


Cu, 0', SO', H'O] 


117,950 


+ 9,340 


'Cu, 0', 80', 5H'0 




130,040 


- 2,750 



Metallic HtTKA.TEs. 
(1) Formation o/ dehydrated nitrates from thtir eUmenU. 



Keaction 


Thermal 
valne 


[K", N', O'l 


238,960 


N»', N', o'l 


222,S00 


liV N', O-f 


223,230 


Ti', N', en 


116,300 


'kg, N', o'l 


57,480 


Ba, N", O'l 


226,2401 


Si, N', O'l 


219,820 


c^N-.o-i 


202,630 


[Pb, N', 0^ 


105,500 



(2) Formalian o/nitratet according to the reaction [E, O', N'O']. 



Beaction 


Thermal 


Heat of solution 
of the salt 


[K', 0', H'OM 


242,970 


- 17,040 


'Na', 0". N'O"*] 


226,510 


- 10,060 


Li', O', N'm 


227,240 


+ 600 


tl', 0'. N'Oi 


120,310 


- 19,940 


Ag'. O'. N'O^l 


61,490 


- 10,880 


Ba, 0', N'O'l 


330,250 I 


- 9,400 


Sr, 0', N'O't 


223,830 


- 4,620 


Ca, 0', N'On 


206,640 


+ 3,950 


Pb, 0', N'O*] 


109,470 


- 7,610 


8r, 0*, N'O', 4H'0 


231,510 


- 12,300 


Ca, 0', N'O', 4irO 


218,4^0 


- 7,250 


Cd, 0', N'O', 4H'0 


125,170 


- 5,040 


Mg, 0', N'O', 6H'0 


214,530 


- 4,220 


Mn, O", N'O', 6H'0 


157,700 


- 6,150 


Zn, 0', N'O', 6H'0 


142,180 


- 5,840 


Ni, 0', N'O', 6H'0 


124,720 


- 7,470 


Co, 0', N'O', 6H'0 


123,330 


- 4,960 


Cu, O; N'O', 6H'0] 


96,950 


-10,710 
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Formation <^ metallic sTtlphatea certd nttrafe< ti 
according to Hie reaction [B, O, QAq]. 



aqueous loluliortt 



B 


[B,0,SO'Aq] 


[R, 0, NiWAq] 


K' 


199,850 


192,100 


Na' 


186,640 


182,620 


Li' 


197,810 


194,010 


Ba 


195,660' 


187,0201 


8r 


188,490 


185,410 


Ca 


180,409 


177,160 


Mg 


180,180 


176,480 


Mn 


121,250 


117,720 


Zn 


106,090 


102,510 


Fe 


93,200 


69,670 


Cd 


89,880 


86,000 


Co 


88,070 


84,540 


Ni 


86,950 


83,420 


Pb 


73,800' 


68,070 


Tl' 


70,290 


66,540 


Cu 


65,960 


52,410 


Hg- 





47,990 


Hg 





37,070 


Ag- 


20,390 


16,780 


AIJ 


150,630 





Fef 


74,990 






Metallic dithionates. 





ThennBl 


Heat of Bolntion 


Beftction 


TOloe 


gf the salt 


K', 0', aso'i 

Na', 0', 2S(?] 


273,560 


- 13,010 


256,650 


- 5,370 


■Na^ 0", 280', 2H'0] 


262,930 


-11,650 


Ag', 0', 280', 2H'0l 


96,090 


- 10,360 


Ba, 0^ 2S0', 2H'0] 


262,3701 


- 6,930 


Sr, O-, 380', iH'of 


263,610 


- 9,250 


Ca, 0', 2S0', 4H'0n 


253,800 


- 7,970 


Pb, O", 2S0', 4H'0 


145,490 


- 8,540 


Ca, 0', 280*, 5H'0 


126,250 


~ 4,870 


Mg, 0", 280', 6H'0] 


248,410 


- 2,960 


Mn, 0', 2S0', 6H'0l 


188,600 


- 1,930 


Zn, 0', 280', 6H'0] 


173,850 


- 2,240 


Ni, 0', 2S0', 6H'0] 


154,790 


- 2,420 



' la these reactions intoluble Bulphatea are formed. 
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Metallic cabboxates. ^^H 


Thermal value of the formation of the 








[RO, CO'] 


00] ^^H 


^m 






K', 0', CO] 


252,090 ^^1 


^^H 






Na', 0', CO] 


243,640 1 


^m [BaO, CO' 


G2,220 




Ba, 0', CO] 


254,420) J 


^H SrO, CO"/ 


55,770 




Sr, 0', COT 


252,170 ^J 


^H [OaO, CO"^ 


42,520 




Ca, 0', CO] 


241,410 ^H 


^^B 






Mo, 0', CO] 181,840 ^^m 


V r^ 






Cd, 0", CO] 152,890 ^H 
Pb, 0^ CO] 1 140,840 ^^W 
Ag-, 0", CO] ! 93,920 1 


^" [PbO, CO'] 
[Ag^O, CO^] 


22,580 




20,060 




Thermal value of the formation of the 

Bait according to the reaction 

[K..0, COT 


Thermal Talue of the formation of tha 
salt from its elements 


^^ 


K', 0, CO'] 


184,130 




[K', C, 0"! 


281,090 


^^L 


Na', 0, CO'l 


176,680 




Na', C, 0^1 


272,640 


^^B 


Ba, 0, CO']' 


186,4601 




Ba, C, 0'] 


283,420 


^^V 


Sr, 0, CO'J 


184,210 




Sr, c, m 


281,170 




ca, 0, con 


173,450 




Ca, C, 0^ 


270,410 




Mn, 0, con 


113,880 




Mn, C, on 


210,840 




cd, 0, con 


84,930 




Cd, c, on 


181,890 




Pb, 0, CO'l 


72,880 




Pb, C, O'j 


169,840 


■ 


Ag", 0. CO^] 


25,960 




Ag-, C, 0^] 


122,920 


^f Metallic double salts. 


Colnran 2 of this table contains the development of heat on dii-ect 


combination of the solid salts, e.g. dehydmted magneBiiim sulphate 


and potassium sulphate combine with a development of 3,300 units i 


of heat. Column 3 contains the heat of solution of the double salt. ^^^H 


The sum of the Viiluea of columns 2 and 3 gives the development of ^^^H 


heat when both salts are simultaneously dissolved in water. If thia ^^^| 


value is compared with the sum of the heats of solution of the simple ^^^| 


salts, the excess of the former over the latter represents the thermal ^^^^| 


value of the reaction which occurs on mixing the two solutions. Thus ^^^^| 




unitB, that' of potassium sulphate is - 6,380, But since ^^H 


[MgSG'K'SO*, Aq] = 13,900 ^^M 


it follows that aqueous solutions of the two salts do not react upon each 1 


other. The same i)henomenon is repeated as regnrds a,U tba cftAust | 
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salts of the first group. But there is often an appreciable development 
of heat on mixing aqueous solutions of two haloid compounds ; e.g. 

[HgCl'Aq, K'OTAq] = 1,920 
[ AuCl'Aq, HClAq] = 4,530 
[AuBr'Aq, HBrAq] = 7,700. 



Beaction 



MgSO*, K'SO*] 
ZnSO*, K'SO*] 
CuSO*, K^SO* 
"MnSO*, K^SO^ 
MgSO*, K'SO*, 6H^0] 
ZnSO*, K*SO*, 6H'0J 
CuSO*, K^SO*, 6H*0" 
MnSO*, K»SO*, 4H«0] 
HgCP, K«C1«, H*0] 
HgBr», K»Br»] 
HgI^ K'Br*] 
SnCl*, K*CP' 
SnCF, K^C1^ H«0] 
AuCP, HCl, 4H^0] 
AuBi-^ HBr, 5ffO] 



Decomposition op metallic nitrates by sulphuretted 
hydrogen in aqueous solutions. 

A glance at this table will show that the development of heat is 
positive for those metals that are precipitated by sulphuretted hydro- 
gen in slightly acid solutions, and negative for the other metals. For 
intermediate metals the reaction (and with it the development of 
heat) varies with the concentration of the free acid. 



Heat of 


Heat of 


formation 


solution 


3,300 


+ 10,600 


4,140 


+ 7,910 


20 


+ 9,400 


990 


+ 6,380 


23,920 


- 10,020 


23,950 


-11,900 


22,990 


-13,570 


13,810 


- 6,440 


6,130 


-16,390 


1,230 


- 9,750 


3,040 


- 9,810 


24,160 


- 3,380 


4,890 


-13,420 


32,130 


- 5,830 


35,280 


-11,400 



B 


[RN20«, SH-^Aq] 


Mn 


- 12,260 


Fe 


- 6,780 


Ni 


- 4,960 


Co 


- 3,740 


Zn 


- 1,870 


Cd 


+ 7,120 


Pb 


+ 11,420 


Tl, 


+ 14,180 


Cu 


+ 16,410 


Hg 


+ 38,870 


Ag, 


+ 47,620 
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mp<mnds, 



[OH-, O'l 


fi'W, 


O'l 


(?H" 


,"0:^ 


C'°H" 


C"H' 


, (P 


'C'-H" 


(»•" 


(!-H- 


(r 


[o-u' 


,0" 



rc'H", 0"] 

C'H", 0"] 
CH", O"] 
CH', O'l 
C, H'] 

[C, W] 

[C'H*, 0'] 

Lb', H-j 



209,000 
332,000 
804,000 
1,582.400 
1,734,350 
2,481,500 
3,059,840 
1,475,870 

1,137,450 

1,095,030 

787,950 

883,230 

-64,800 



466,500 
- 46,500 



904,300 
4,700 



Combustion of methane'. 

„ ethylene'. 

„ „ amylene', 

„ „ paramylene'. 

„ „ endecylene'. 

„ „ cetene'. 

„ „ tetramylene'. 

„ „ liquid turpentine 

oil'. 

,, „ heptane'. 

„ „ toluene hex hydride? 

„ „ gaseous benzene". 

„ „ ,, dipropargyl'. 

Formation of gaseous dipi-opai^yl 

from amorphous carbon*. 
FormatioQ of gaseous dipropargyl 

from diamond carbon'. 
Combustion of gaseous allylene'. 
Formation of gaseous allylene from 

diamond carbon °. 
Oonibustion of gaseous diallyl*. 
Formation of gaseous diallyl from 
diamond carbon'. 





Alcohols' 


(liquids). 


BeocUon 


Thermal 
vftlue 


Remarks 


[OH'CH'CH'OH, C] 


480,310 


Combustion of normal propyl 
alcohol. 



' Favre and Silbermann, Ann. Chim. Fhys. (3). 34. 427 et uq. 

' Jjongulnine, Cvmpl. rend. 113, 275. 

■ Tbomeen, Ber. IE. 328. 

' Berthelot and Ogier, Compl. rend. 91. 785. 

' Berthelot, Compt. rend. 90. 1243 r 91, 738. 

' Berthelot and Ogier, Compl. rend. 93. 770. 

' W, Longainine, Compl. rmd. 90, 1279 ; 91. 297 ; 91, 455 a.-tti &<!&. 
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r(CH*),CHOH, (y] 

[(CH'),CHCH,OH, O"] 

[(CH'),COH, 0"] 

[CH"0. O"] 

[(CH'),CH*COH, O"] 

[C*H'(OH"),COH, O"] 

[CH'CHCH'OH, 0'] 
[C=H'(C=H'),COH, O"] 

rC'"H"0, 0»] 
[Cii'C'H'CHOH, 0"j 

[C"H"0, O"^] 
[(CH'),CH'COH, 0"] 

rCH'O, O'l 
[0, H*, 0] 

[cm'o, o'] 

[C, H', 0] 



[CH'OHCH'OH, 0"] 

rCH'OHCH'CH'OH, 

0-] 
rOH'OHCHOHCH,, 

0"] 
[C(CH').OHC(CH" , 

OH.O"] 

[O'H'O', 0'] 

[C°H'0, 0"] 



636,700 



793.620 
788,540 

911,030 

443,650 
1,544,990 

1,509,160 
753,210 

1,262,100 
1,201,430 



283,390 
431,170 
436,240 
897,700 

392,450 
737,150 



Combastion of isopropyl bIwAoI. 
„ „ priuaiy (fermea- 

tation) isobutyl alcotiol. 
Combustion o£ {solid) trimethjl- 

carbiuol. 
Combustion of fermentation amyl- 

&lcobol (pnibably a mixtore). 
Combiiation of etLyl dimethyl- 

carbinol. 
Combustion of allyl-dimetbyl 

earbinol. 
Combustion of allyl-iilcoliol. 
Combustion of aliyl-dipropyl- 

carbinol. 
Combustion of (solid) menthoL 
„ „ ethyl- vinyl car- 

Combuation of caproic alcohol. 
„ „ diallyl-methyl- 

ciirbinol. 
Combustion of metbylic alcohol'. 
Formation of liquid methylic 

alcohol', 
CombnHtion of ethylic alcohol' . 
Formation of liquid ethylic al- 

Combnstion of (liquid) ethylene 

glycol. 
Combustion of (liquid) normal 

propylene glycol. 
Combustion of (liquid) isopropy- 

lene glycol. 
Combustion of {soHil) pinacone 

(solid). 

Combustion of glycerir 
Combustion of phenol' 



' Favre and Bilbermann, Ann. Ckim. Pky$. (3). U. 434, 

" Berthslot, Compt. raid. 91. 738, 

s W. Longoinine, Coinpt. TCiui. 90. 368 : 91. 299 : 93. 527. 

* Id. (ue. at. 90. 367. 

' Fttvre and SilberiniinD, Ann. Chim. Pbys. (5). 9. 170. 
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Aldehydes. 



Beaction 



Thermal 
value 



Bemarks 



[C"H*0, O*] 



[C»H*0, O*] 



c»H*cno, o"] 



[(0H»),CHCH«0HO, 0»*] 

[CH»(CH«),CHO, 0*>] 
[CffCHCHCHO, 0*T 



280,000 

275,000 

50,500 

56,500 

420,000 
69,000 

72,500 

60,300 
742,170 

1,062,600 
542,300 



Combustion of liquid ethalde- 

hyde with production of liquid 

water \ 
Combustion of gaseous ethalde- 

hyde with production of gas- 
eous water*. 
Formation of gaseous ethalde- 

hyde from diamond carbon*. 
Formation of liquid ethalde- 

hyde from same materials*. 
Combustion of propaldehyde*. 
Formation of liquid propalde- 

hyde from diamond carbon®. 
Formation of liquid propalde- 

hyde from gaseous propylene 

and oxygen®. 
Oxidation of normal propyl- 

alcohol to propaldehyde*. 
Combustion of liquid valeralde- 

hyde with production of liquid 

water*. 
Combustion of liquid heptalde* 

hyde^ 
Combustion of liquid crotonic* 

aldehyde^. 



> Berthelot, Ann, Chim, Phys, (5). 9. 179. 

* Berthelot and Ogier, Compt, rend, 92. 773. 
3 Berthelot, Compt, rend. 83. 414. 

* W. Longoinine, Compt, rend, 92. 457. 
« Id. loc, ciU 92. 457. 

« Id. loc, cit, 90. 1282. 
7 Id. loc, cit, 100. 63. 
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Ketones. 



Beaction 



Thermal 
value 



Kemarks 



CH'COCH', 0«] 

[CH'C'H^'OO, O''] 

[C^ H«, O] 
[C'H«, O] 



424,000 Combustion of acetone ^ 
736,900 ■ Combustion of diethyl ketone'. 



1,053,900 
1,045,600 

1,211,800 

846,100 






„ dipropyl ketone*. 

„ di-isopropyl ke- 
tone *. 

„ methyl hexyl ke- 
tone*. 

„ mesityl oxide*. 



65,000 Formation of liquid acetone, 
from diamond carbon \ 

68,500 Formation of liquid acetone, 
from gaseous propylene and 
oxygen'. 



Ethers and ethereal salts. 



Beaction 


Thermal 
value 


Bemarks 


;c*, H^ 0] 

[(C*H^)P, 0'*] 

C*, H'", 0] 
■(C*H'*'),0, 0"] 

HCO*Cff, 0*' 
[C*, H*, 0*] 

C^H'^CO^H, 0'] 


344,200 
50,800 

668,000 

72,000 

1,609,700 

238,700 
94,200 

390,600 


Combustion of methyl ether*. 

Formation of gaseous methyl 
ether from diamond, hydro- 
gen, and oxygen*. 

Combustion of ethyl ether*. 

Formation of liquid ethyl ether*. 

Combustion of amyl ether*. 

„ methyl formate^. 

Formation of liquid methyl 
formated 

Combustion of liquid ethyl for- 
mated 



1 Berthelot, Compt, rend. 83. 414. 

2 Id. loc, cit. 98. 94. 

3 Id. loc. cit. 100. 63. 

* Id. loc. cit. 90. 1243. 

^ Favre and Silbermann, Ann. Chim. Phys. (3). 34. 433. 

^ Berthelot, Compt. rend. 91. 738. 

^ Ogier, Comvt, rend. 9. 671. 
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[c^ H«, o*] 

cffco'Cff, on 

C^H^CO'CH^ O^^' 

'c*H'co'Cff, o^n 

C*H*CO*C^H^ o^^ 
C'H'CO^C^H", 0'«] 

'Q15JJ31QQ2Q16JJ33^ O*'] 

'CH»(OCff)„ 0«] 



t 



CffCH(OC*H*)„ O"] 

c^ H«, o*] 



[CO»C*H^CO^C*H^ Q'] 
[C'H^O, O*] 

[c«, H^ o] 



[C»H*, O] 



70,500 

395,300 

553,700 

693,400 

822,500 

855,600 

1,018,500 

1,036,200 

1,469,600 

4,964,100 

433,900 



918,600 
124,100 

655,800 

716,200 

860,630 

1,007,700 

307,500 

17,700 

33,000 



>> 



>> 



a 



iJ 



>> 



» 



>> 



» 



>> 



Formation of liquid ethyl for- 
mate \ 
Combustion of methyl acetate*. 

ethyl acetate*, 
methyl butyrate*. 
ethyl butyrate®. 
methyl valerate*, 
ethyl valerate*, 
amyl acetate*, 
amyl valerate*, 
cetyl palmitate*. 
methylene dime- 
thyl ether (me- 
thylal)^ 
acetal*. 
Formation of liquid methylal 

from diamond carbon ^ 
Combustion of liquid allyl ace- 
tate ^ 
Combustion of liquid ethyl oxa- 
late*. 
Combustion of liquid ethyl ma- 

lonate*. 
Combustion of liquid ethyl suc- 
cinate*. 
Combustion of liquid ethylene 

oxide®. 
Formation of ethylene oxide 
from its elements (carbon as 
diamond®). 
Formation of ethylene oxide from 
ethylene and oxygen®. 



^ Ogier, Compt. rend, 9. 671. 

2 Favre and Silbermann, Ann. Chim. Phys. (3). 34. 433. 

' Berthelot and Ogier, Compt, rend, 92. 774. 

* Longumine, Compt, rend, 100. 63. 

» Id. loc, cit, 99. 1118. 

« Berthelot, BuU, Soc, Chim. (2). 39. 484. 
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Haloid derivatives of htdrocabbons. 
ConUmstian aiid formation of methyl amd ethyl haloid compounds. 



Beaotion 



[CH'Cl, O'] 

[CH'Br, O^] 

[CH'I, O^] 

[C'H^Cl, O*] 

[C«H*Br, 0«*] 

[C, ff , CI] 
[C, H«, Br] 

[C, H», I] 
[C, ff , I] 



[C», H*, I] 

[0«, K\ T] 

^ These, and 
45S; 703. 



Thermal 
value 



Remarks 



156,500 



[C, H», CI] 


38,500 


[C, H', CI] 


45,000 


[C•H^ HCl] 


31,900 


[C, H», Br] 


31,000 


[C, H», Br] 


33,700 



180,400 

183,300 

309,500 

329,500 

28,500 
17,100 

14,200 
15,000 



Oombustion of gaseous methyl 
chloride, with production of 
H,0, HCl, and CO/. 

Combustion of gaseous methyl 
bromide, with production of 
H,0, Br gas, and CO,. 

Combustion of gaseous methyl 
iodide, with production of 
H,0, I gas, and CO,. 

Oombustion of gaseous ethyl 
chloride, with production of 
H,0, HCl, and CO.. 

Combustion of gaseous ethyl 
bromide, with pi*oduction of 
H,0, Br gas, and CO,. 

Formation of gaseous methyl 
chloride, from diamond carbon. 

Formation of gaseous methyl 
bromide, from diamond car- 
bon. 

Formation of gaseous methyl 
iodide, from diamond carbon. 

Formation of liquid methyl 
iodide, from diamond carbon^ 
and solid I. 

Formation of gaseous ethyl 
chloride, from diamond carbon. 

Formation of liquid ethyl chlo- 
ride, from diamond carbon. 

Formation of gaseous ethyl 
chloride, from C^H^ gas and 
HCl gas. 

Formation of gaseous ethyl 
bromide,from diamond carbon. 

Formation of liquid ethyl bro- 
mide, from diamond, H, and 
Br liquid. 

Formation of gaseous ethyl 
iodide, from diamond, H, and 
I gas. 

Formation of liquid ethyl iodide, 
from diamond, H, and I solid'. 

the intermediate data, ate itom. "BetNJaftVot, Comp^ rend. 91. 



22,800 



23,900 
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The following data present the heats of formation of various 
gaseous haloid compounds by the action of (1) gaseous halogens on 
gaseous paraffins, (2) gaseous haloid acids on gaseous olefines, and 
(3) gaseous haloid adds on gaseous alcohols. 



Reaction 


Thermal 
value 


Bemarks 

• 


C*H«, CP] 
'C"H^ Br*] 

c^H^ ri 
■CH*, cin 

CH*, bA 

CH*, r] 

'C»H^ HCl 
■C*H^ HBr 
'C*H*, HI] 
CH^^ HCl] 
'0'\\'\ HBr] 
C*H^° HI] 
CH*, HCf] 
CH*, HBr] 
C*H^ HI] 
CH^O, HCl] 
'CH*0, HBr] 
■CH*0, HI] 
CH^O, HCl] 
C^H^O, HBr] 
[C«H«0, HI] 


54,800 
38,800 
16,300 
22,000 
12,100 
- 5,100 
31,900 
32,900 
39,000 
16,900 
13,200 
10,600 
38,300 
39,500 
46,500 
11,900 
9,000 
19,500 
14,800 
15,800 
21,100 


Products, RCl, RBr, or RI, 
!► and HCl, HBr, or HI ; all 
gaseous ^ 

Products, RCl, RBr, or RI ; 

all gaseous \ 

•• 

Products, RCl, RBr, or RI ; 
liquid ^ 

> 

Products, RCl, RBr, or RI, 
and HjO ; all gaseous*. 

> 



Combustion and formation op methylene and ethylidene 



CHLORIDES . 



Beaction 


Thermal 
value 


Bemarks 


[OH -CI', 0\ Aq 

CH'ci', on 

CHCPCH*, 0*, Aq] 
[CHCl'Cff, 0*] 


141,700 

106,800 
302,000 

267,100 


Products, COj and solution of 

HCL 
Products, COj, and gaseous HCL 
Products, CO and solution of 

HCL 
Products, COg and gaseous HCl. 



^ Berthelot, Compt, rend, 91. 741. 

* Berthelot and Ogier, Compt, rend, 92. 771. 
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[C, H«, Cl«] 


31,200 


Product, 
used in 


[C, H^ CP] 


37,600 


Product, 
in form 


[C^ H*, CI'] 


33,900 


Product, 
used in 


[C«, H*, CP] 


40,500 


Product, 
used in 


[C'ff, 2HC1] 


58,000 


Product, 



gaseous CH^Cl,: carT)on 
form of diamond, 
liquid CH CI : carbon used 
of diamond. 

gaseous CgH^Cl^: carbon 
form of diamond. 

liquid CgH^Clg : carbon 
form of diamond, 
gaseous C^H^Clg. 



Thermal values of the substitution op hydrogen by chlorine 

IN VARIOUS gaseous MOLECULES \ 



Beaction 



Thermal 
value 



Bemarks 



CH*, CP] 
CH^Cl, CP] 
'C*H«, CP] 
C'H^Cl, CP] 
C»H*0, CP] 
CNH, CP] 



32,000 
24,000 
54,000 
17,400 
39,400 
15,800 



Products, CH3CI + HCl ; gaseous. 
CH^, + HCl 
C^H^Cl + HCl 
C,Hp, + HCl 
C,H3C10 + HCl 
CNCl + HCl 



Combustion and formation of ethylamines*. 



Beaction 



Thermal 
value 



Bemarks 



C'H*NH», 0^*1 

c^ ff , N] 

[C^ H*, ISTH^ 
[C"H^ NH^] 
[C'H«0, NH«] 

[C^ H', N] 
[C^ ff , NH«] 
[3CH«0H, Nff] 



409,700 

592,000 

19,800 

7,600 

23,000 

6,100 

- 9,500 
2,700 

- 21,900 



I Combustion of gaseous ethjlamine 
J and trimethylamine. 
Formation of gaseous ethjlamine 

from diamond carbon. 
Formation of gaseous ethjlamine 

from C, H, and NHg. 
Formation of gaseous ethjlamine- 

from C,H^ and NH3. 
Formation of gaseous ethjlamine 

and HgO gas, from C,H O and 

NH3. 

Formation of gaseous trimethjl- 
amine from diamond carbon. 

Formation of gaseous trimethyl- 
amine from diamond, and NH,. 

Formation of gaseous trimethjl- 
amine and H^O gas, from CH^O 
and NH„. 



1 Berthelot and Ogier, Compt rend, 92. 771. 

2 Berthelot, Cowpt. rend. ^\. \4ft. 



APPENDIX I. 



239 



Carbon acids. 



Beaction 



Thermal 
value 



Bemarks 



CH«0^ O] 

pi8TT30^ 






96,190 

210,300 

496,940 

517,800 

656,780 

830,210 

2,384,900 

2,759,300 

37,700 



Combustion of liquid formic acid\ 

acetic* acid, 
butyric* acid, 
isobutyric* acid, 
valeric* acid, 
caproic^ acid, 
solid palmitic* acid. 
„ stearic* acid. 
Production of ammonium carba- 
mate at 10° and 710* mm. 






Sodium alcoholates*. 



Beaction 



Thermal 
value 



Bemarks 



[2C'H«0, Na'O] 



[C*H«0, NaOH] 



[C'ff NaO, 2C'H«0] 



[C^ffNaO, 3C^*0] 



[C*H*NaO . 2C»H^0, 

C'H«0] 



[C'H'NaO, H'O] 



34,700 



250 



8,060 



8,640 



580 



1,190 



Action of liquid C^HgO on 
solid Na O, with produc- 
tion of solid CgH NaO and 
liquid H,0. 

Action of liquid C^HgO on 
solid NaOH, with produc- 
tion of solid CgHgNaO and 
liquid H,0. 

Action of liquid C^HgO on 
solid CgH,NaO, with pro- 
duction of solid CgHjjNaO. 

Action of liquid C^HgO on 
solid CjjH^NaO, with pro- 
duction of solid CgHjNaO. 
3C,H,0. 

Action of liquid C^HgO on 
solid C3H,Na0.2C,H,0, 
with production of solid 
C,H,Na0.3C,H,0. 

Action of liquid H^O on solid 
CgHgNaO, with production 
of liquid C^HgO and solid 
NaOH. 



1 Favreand Silbermann, Ann. Chim. Phys. (3). 34. 438. 

2 Longuinine, Gompt. rend. 100. 63. 
^ Id. loc. cit. 92. 525. 

4 Lecher, Wien. Akad. Ber. (2 abthl.) 7B. 111. 
' De Forcrand, Oovipt, rend. 97. 108. 



^H ^^^^^^^ 


^H [C'H'Nft0.2C"H'0, H'O] 


- 6,820 


Action of liquid H,0 onFoliil 
C,H,N80.2C,Hp, with 
production of liquid C^H ' 
and solid KaOH. 


^m [C'H'N«0.3C'H-0, H'O] 


- 7,440 


Action of liquid H,0 on solid 1 
C,H,Na0.3C,H„0, with 
production of liquid C,H,0 ' 
and solid NaOH. 




CoMursnoN and formation of diazobenzene nitrate'. j 




Keaotion 


Then-ial 
valua 


Reraarta ■ 


^B 


CH'N'.NO-H, 0"'l 


782,900 


Combustion of diazobenzene 






nitrate toformSCO ,2iH0, 






and N.. 


^H [C, H', N-, O-) 


- 47,400 


Formation of the same com- 
pound from its elements. 


^H [C, H*. N', HNO'] 


- 89,000 


Formation of the same com- 1 
pound from C , H ,N , and 1 
liquid HNO,. 




CaLORAt HYDKATE AND ALCOHOLATE'. | 




Reaction 


Thermal 
value 


Een...s 


H 


CCl'CHO, H"0] 


12,100 


iProdnotion of solid ooni- 


^^1 


CCl-CHO, C=H^O] 


14,4000 


j pounds. 


■ 


CCT'CHO, H'Ol 
CCPCHO, C=H''0] 


7,300 
9,800 


[Production of liquid com- 
y pounds near their melting 

1 points. 




CCl'CHO, H'Ol 


6,200 


1 Production of compounds near 




CCPCHO, C'H'O] 


8,500 


f their boiling points. 




OCPCHO, H'O] 


2,000 


iProduction of gaseous com- 




CCl'CHO, C'H'^O] 


1,600 


J jjoundfl at 760 mm. pressure. 


^^H Data presenting the lieats of combustion of a nnmber of carbon 




^B C. V. Kochenbergin y./HriwaA(.CTMmM{2). 22. 1—45; and 223—250. 


^^H From these ntimbera the thei-mal values of the inversion of sugan, 


^H and of various procBsses of fermentatiou &c., are calculated. 


^^H > Bactbelot and TieiUe, Con^t. rend. sa. 1076. 


^^H ' Berthelot, Cimpl. rriuj. 93. B31. 



APPENDIX ] 



241 



The heats of combustion of various sugars, starches, fats, and 
other compounda of auimat and vegotable origin, are given by Stoh- 
majin in the same Journal (2). 31. 273, 

The heats of combustion of a few organic bases are given by 
Kftrasay in C. 8. Journal for 1879. 696 et »eq. 



Metailio b 
Sulphides of gotlium mul poiasm 



Eeaotion 


Thermal 
valne 


Bamarka 


[N«', S] 


88,200 


Production of solid Na^S from the 
solid elements. 


[Na'S, 5H'0] 


U,450 


Production of solid Na^a5H,0 from 
solid constituents. 


[Na^S, 9H=0] 


18,850 


Production of solid Na,«9H^() fi-om 
solid constituents. 


[Na'SSH'O, 4H'0] 


4,400 


Production of soUd Na,S9H,0 from 
solid constituents. 


[Ka', 8', H'] 


111,400 


Production of solid Na,SH^ from 
H,, and solid Na, and S,. 


[Na'8, ff S] 


18,600 


Production of solid Na,SH,S from 
solid Na,8 and gaseoHS H 8. 


[Na'CH-O, 2H'S] 


16,300 


Production of solid Na,SH,8 and 
gaseous H,0 from solid Ns,OH,0. 


[Na'8H'S, 4H'0] 


6,000 


Production of solid Na,SH,84H,0 
and gaseous 211,8 from solid oou- 
stitueuts. 


[K', S] 


104,200 {!) 


Production of solid K,S from the 
solid elements. 


[K=, S', H"] 


128,000 


Production of solid K^8H^8 from 
H„ and solid K, and 8,. 


[K'8, H'S] 


19,000 (1) 


Production of solid K,SH,8 from 
solid K,S and gaseous H^S. 


[K'OH'O, 2H^a] 


28,900 


Production of solid K,8H,S and 
gaseous H,0 from solid K.OH.O 
and gaseous H„8. 


[K'SH'S, H=0] 


- 1,200 


Production of solid K;„SH,8H.O 
from solid constituents. 


[K'SH'S, H'O] 


200 


Production of solid K^SH.SH^O 
from solid K,SH S and liquid 
HO. 


[Fe,S] 


25,000 


Solid FeS fi-om solid elements' 
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[K', S*] 
[K«S, S^ 

[K^S^ 2H"0] 
[K»S*iH"0, f H"0] 
[Na«, S*] 
[Na^ B'] 
[Na^ S^ 
[Na^ S^] 
[Na^S, S^ 
[Na'S, S^ 
[Na'S, S'] 
[Na^S, S] 



Polymtphidea of the alkali metaW, 
117,800 



[N, H^ ST 
[N, H^ S*] 
[N, H^ S^ 
[Nff, iH^S, S*4] 



116,600 

5,200 

12,400 

2,650 

5,750 

3,100 

108,200 

106,400 

104,200 

98,400 

10,200 

5,000 

3,200 

1,400 



Production of solution of K^S^ from 

Kg and solid S^. 
Production of solid K^S^ from K^ 

and solid S^. 
Production of solution of K„S from 

2 4 

solution of KgS and solid Sg 
Production of solid K^S^ from solid 

K,S and soHd S3. 
Production of solid K^S^^HgO from 

solid constituents. 
Production of solid K^^^fi from 

solid constituents. 
Production of solid K,S^2H,0 from 

solid constituents. 
Production of solution of Na^S^ from 

solid elements. 
Production of solution of Na„S, from 



solid elements. 



2 8 



Production of solution of Na^S^ from 

solid elements. 
Production of solid Na^S^ from solid 

elements. 
Production of solid Na^S^ from solid 

Na^S and solid S3. 
Production of solution of Na^S^ from 

solution of Na^S and solid S3. 
Production of solution of Na^Sg from 

solution of Na^^S and solid S^. 
Production of solution of Na^^S, from 

solution of Na^S and solid S. 



Ammonium polyaulphides^. 



34,500 
34,800 
30,400 
20,200 
20,300 



Production of solid NH^S^ from 

N, H^, and solid S,. 
Production of solid NH^S^ from 

N, H^, and solid S^. 
Production of solution of NH.S 

from N, H^, and solid S^. 
Production of solid NH^S^ from 

gaseous NHg, |B[j,S, and solid Sf 
Production of solid NH^S^ from 

gaseous NHg, JH^^S, and solid Sf 



4 2 



^ Sabatier, Compt, rend, 90. 1557. 
> Id. loc, cit. 91. 63. 
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[H^S, S-^] 
[H^ S-] 



Hydrogen persulphide^, 

- 2,650 ! Production of solid H^S^ (n varies 

from 6 to 10). 

- 350 Production of solid H^S^ (n varies 

from 6 to 10). 



Compounds op PH, and NH * 

S 8 



Beaction 



Thermal 
value 



Bemarks 



[PH'Br, Aq] 


- 3,030 


[PH% Aq] 


- 4,770 


NH^ HCl 
'NH^ Hilr] 
NH^ HI 
■Pm HBr 
'PH^ Hi] 
;N, H^ Br] 


42,500 
45,600 
44,200 
23,000 
24,100 
81,700 


[N, H^ I] 


65,100 


[P, H^ Br 


44,100 


P, ff , I] 


29,500 



Production of gaseous PHg and 

solution of HBr. 
Production of gaseous PHg and 

solution of HI. 

Production of solid NHX or PH,X, 

4 4' 

from gaseous NH or PH and 
HX. 

Production of solid iNTH.Br from 
gaseous N, H^, and liquid Br. 

Production of solid NH J from 
gaseous N, H^, and solid I. 

Production of solid PH^Br from H^, 

4 4 ' 

solid P and liquid Br. 
Production of solid PH^I from H^, 
solid P, and solid I. 



Compounds op ammonia with metallic chlorides ^ 



Eeaction 



1 
1 



IT 

I 

'B 



AgCl, 3NHn 
2AgCl, 3Nff ] 
ZnCP, 2NH"'' 
ZnCl^ 4NH 
ZnCl^ 6NH 
CaCl^ 2NH 
CaCP, 4NH 
CaCP, SNff 



Thermal 
value 



10,500 
11,600 
22,100 
17,000 
15,000 
14,000 
12,200 
11,000 



Bemarks 



Production of solid compounds 
from gaseous NHg and solid 
metallic chloride. 



^ Sabatier, Compt, rend, 91. 54. 
' Ogier, Compt, rend, 89. 705. 
3 Isambert, Compt, rend, 86. 968. 



\^— ^ 
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Various double metallic salts. 



Reaction 



Thermal 
value 



Remarks 



CdCP, 2HC1, 7H«0] 
■pbI^ HI, 5H"0] 
;3AgI, HI, 7H"0] 

^CllCl^ 3CuO, 4H«0] 
[CuCP, 3CuO] 

rCaCl', 3CaO, 16H^0] 
[CaCP, 3CaO, 3H"0] 

CaCl", 3CaO, 16H«01 

CaCP, 3CaO, 3H"0] 
■CaCP3CaO, 3ffO] 
'CaCP3CaO, 16H«0] 
■CaCP3Ca03ffO, 

13H«0] 

2KIPbr, 2H'0] 
•2KI, Pbr] 
■4KI3Pbr, 6H"0] 

4KI, 3Pbr] 

PbO, PbCPj 

2PbO, PbCP] 
■3PbO, PbCPj 

PbO, PbBrH 

2PbO, PbBr*] 
■3PbO, PbBr«J 



40,200 
23,300 
21,600 

23,000 
1,200 

92,000 
57,700 

69,100 
53,400 
47,200 
60,900 
15,800 

1,760 
840 
3,800 
-100 
6,520 
9,240 
10,600 
4,000 
6,060 
8,400 



1 Production of compounds of 
metallic haloid salt haloid acid 
and water, from solid haloid salt, 
gaseous acid, and liquid waters 
I Production of solid compounds 
( from solid copper chloride and 
' oxide and liquid water". 
) Production of solid compounds 
J from solid calcium chloride and 
' oxide and liquid water ^ 



Production of solid compounds 
from solid constituents*. 



Production of solid compounds 

from solid constituents*. 

/ 



^Production of solid compounds 
from solid constituents®. 



^ Berthelot, Compt, rend, 91. 1024. 

3 Id. loc, ciU 91. 461. 

8 Andr6, CompU rend. 92. 1463. 

* Id. loc, cit, 

^ Berthelot, Compt rend, 96. 962. 

* Andr6, CompU rend. 97. 1302. 
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Cyanides and double cyanides \ 
(In each 6ase the carbon was used in the form of diamond.) 



Action 



Bemarks 
regarding con- 
stituents 



Product 



Thermal value according as product is 



gaseous 



liquid 



r, H] 

^^ 

iq,H] 

^,C1^ 
CI] 

I] 

N, H*l 
I, NH^ 

lAq, 

[srffAq] 

r,K] 

lAq, 
K'OAq] 
Na] 
^Aq, 
ra'OAq] 

iHg] 

iHg] 

!fAq, 
agOAq] 

f.Ag] 

Ag] 
!^Aq, 

JAg'O] 



solution of CN 

gaseous CN 

solid I 
gaseous CN, 

gaseous I 
gaseous CN, 

solid I 

gaseous CN 
gaseous CHN 

and NH 

solutions of 

CNH and NH3 

gaseous CN 
solutions of 

HCNand^K^O 

gaseous CN 

solutions of 

HCN & JNa.O 

gaseous CNand 
liquid ^Hg 

gaseous CNand 

gaseous ^Hg 

solutions of 

HCN & ^HgO 



solution of 

HON, and pre- 

cipitated^AggO 



CNH 

CNH 

CNH 

CNCl 

CNCl 

CNI 

CNI 

CNI 

CNNH^ 
CNNH, 
CNNH^ 

CNNH, 

CNK 
CNK 
CNK 

CNNa 
CNNa 

CNHgj 
CNHgj 

CNHgj 

CNHgi 

CNAg 
CNAg 
CNAg 



-74,600 

-29,500 

7,800 

■35,700 
1,600 



-23,800 
13,500 

-27,800 
9,900 



solid 



in solution 



- 38,500 

4,200 

- 1,200 

3,200 
40,500 
20,500 



30,300 
67,600 



25,600 
11,700 

19,400 



34,000 
3,300 



- 69,800 

- 23,400 

10,500 



- 41,300 



1,200 
36,100 



- 1,300 

27,400 

64,700 

3,000 

60,100 
2,900 

- 27,100 
10,200 

17,900 

15,500 



20,900 



^ Berthelot, Campt, rend. 91. 82. Compare Thomson's numbers given in 
bles on pp. 217 and 223, 



[Fe', H", 

3CN] 
rSHCNAq, 
lPe( 

[F.i, I; 

3CN] 

[SHCNAq, 
K'OAq, 
JFeO] 
[Fet, 9CN1 
[SHCNAq, 
f F.0, Fo'O") 

[kcn, 

CNHg*] 
[KCN, 

AgCN] 
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m). - 

FejH, 

(ON), - 


- 


~ 


63,600 


precipitated 


_ 




13,300 


iFeO 


FeiH, 










(ON), - 


— 


183,600 


186,300 




FeiK, 






(dissolved 
inKON) 


precipitated 


(CN). _ 


— 


— 


39,300 


JFeO 


FeiK. 










(CN), - 


— 


278,000 


— 




Fbj 








precipitated 


(ON), - 


— 


24,900 


— 


oxides of iron 


Fej 










CNHgs - 


— 


8,300 


— 




KC]I 










KCN — 


— 


11,200 


— 




AgCN 









OXTGYANIDBS ', 



[Pb,(CN}^2PbO,H'0] 

[2Cd(CN)',CdO,5H'0] 

[HgO, Hg(CN)'] 
[HgO, 3Hg(CN)'] 



Production of solid 2PbOPb{0N) 
HO from gaseous (CN) and 
otuer constituents as BolioB. 

Production of solid 2Cd(CN), 
Od05H,0 from solid consti- 
tuents. 

Production of solid HgOHg(CN), 
from solid constituents. 

Production of solid Hg03Hg 
(CN)j from solid constituents. 



Beaction 


Thermal 
Talne 


Remarks 


C, W, K, 0] 
C, N, K, 0, Aql 
ONK, 0] 
CNK, 0, Aq] 


102,300 
97,100 
72,000 
69,700 


Production of solid KCNO. 

Production of solution of KONO. 
Production of solid KCNO. 
Production of solution of KCNO. 



' Joanuis, Compt. rend. VS. 271. 
' Berthelot, Comjit. rend, 91. 82. 
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Fluorides \ 



Beaction 



[NH'Aq, HFAq] 
[]S^H^ HF] 

[BaOAq, 2HFAqJ 
[BaH'0^ 2HF] 



[SrOAq, 2HFAq] 
[SrH«0^ 2HF] 



[CaOAq, 2HFAq] 
[CaH'0^ 2HF] 



[NaOH, HF] 



[NaF, HF] 

[MgO'ff, 2HFAq] 
[PbO'H^ 2HFAqJ 



Thermal 
yalne 



Bemarks 



15,200 
30,100 

34,800 
71,400 



35,800 
71,800 



37,200 
66,600 



39,900 



17,100 

30,400 
22,200 



Production of solution of NH^F. 

„ „ solid NH^F from 

gaseous constituents. 

Production of solution of BaF^. 

„ of solid BaF,( + 2H,0) 

from solid BaH^Ogand gaseous 

' 2HF. 

Production of solution of SrF^. 
of solid SrF,(+2H,0) 
from solid SrH^O, and gaseous 
2HF. 
Production of solution of CaF^. 
of solid CaF,( + 2H,0) 
from solid CaH^Ogand gaseous 
2HF. 
Production of soUd NaF ( + H,0) 
from solid NaOH and gaseous 
HF. 
Production of solid iNTaHF^ from 

solid NaF and gaseous HF. 
Production of solution of MgF . 



>> 



„ solid PbFg. 



SiLICOFLUORIDES *. 



Beaction 



[SiF", Aq] 

SiF, 2HFAq] 
'3SiF*, 4K0HAq] 
SiF*, 4NaOHAqJ 
'SiF, 4NffAq] 
'SiF*, 4LiOHAq] 
SiF*, 2KFAq] 
'SiF*, 2NaFAq] 
'SiF*, 2LiFAq] 
SiF*, 2NH*FAq] 
"Si, K«, F] 
'Si, Na«, I**] 
[Si, Li*, FJ 



Thermal 
value 



22,200 

17,000 
165,800 
65,400 
59,500 
69,200 
45,600 
36,600 
27,000 
31,200 
52,800 
35,400 
25,200 



Bemarks 



Decomposition of SiF^ into 

H,SiF, and SiO,. 
Formation of H^SiF^ in solution. 
Productionof 2K,SiFg + H^SiO^. 
„ 4NaFAq+H^SiO,. 
„ 4NH,FAq+H,SiO,. 
„4LiF + H^SiO,. 
„ K.SiF 



}) 



>> 



}) 



I 






>> 



„Na,SiF.. 
„ Li.SiF,Aq. 
„ (NHJ,SiF,Aq. 

„ solid salts. 



1 Guntz, Compt. rend, 97. 1483, 1658: M. ftVe>, 
9 Trnohot, Compt, rend, 98. B21, l^^O, 
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Si, H*] 
SiH*, 0^ 



24,800 
324,300 



Formation of siHcon hydride \ 
Production of SiO, + 2H,0 ^ 



Compounds op the halogens*. 



Beaction 



1, CI] 
1, CI] 
1, CP] 
1, CP] 
ICl, CV] 
I, Br] 
I, Br] 
Br, CI] 

;Br, CI] 

Ki, r] 
Ki, r] 

KIAq, I'] 

KBr, Br«] 
KBr, Br*] 
KBr, Br*] 
KBrAq, Br*] 



Thermal value 



6,700 
12,100 at 0° 
16,300 
21,700 

9,500 

2,500 

2,300 
600 

4,600 • 


10,800 at 0° 
10,200 

2,900 

2,700 

10,900 at 0° 
11,500 



Remarks 



Formation of solid ICl from 

gaseous CI and solid I. 
Formation of solid ICl from 

gaseous CI and gaseous I. 
Formation of solid ICI3 from 

gaseous CI3 and solid I. 
Formation of solid IClg from 

gaseous CI3 and gaseous I. 
Formation of solid ICI3 from 

gaseous Cl^ and solid ICl. 
, Formation of solid IBr from 

liquid Br and solid I. 
Formation of solid IBr from 

solid Br and solid I. 
Formation of liquid (?) BrCl 

from gaseous CI and liquid 

Br. 
Formation of liquid (?) BrCl 

from gaseous CI and gaseous 

Br. 
Formation of solid KI3 from 

solid KI and solid I,. 
Formation of solid KI3 from 

solid KI and gaseous 1 . 
Formation of solution 01 "KI 

from solution of KI and 

gaseous I^. 
Formation of solid KBr3 from 

solid KBr and liquid Br . 
Formation of solid KBr„ from 

solid KBr and solid Br^. 
Formation of solid KBr3 from 

solid KBr and gaseous Br . 
Formation of solution of KJBrj 

from concentrated solution 

of KBr and gaseous Br . 



^ Ogier, Compt. rend, 88. 911. 

2 Berthelot, Compt, rend, 90. 841 : 91. 195, 706, 
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OXYACIDS OP THE HALOGENS \ 



Beaction 



Thermal 
value 



Bemarks 



[Cl«, O*, H'O, Aq] 
[Cl«, 0\ ff , Aq] 

CI, o^ K] 

'CI, 0^ Na] 
CI, O*, H] 
"CI, O*, H, Aq] 



CI, 0^ K] 
CI, O*, K, Aq] 

CI, O*, Na] 
CI, O*, Na, Aq] 

CI, 0^ H*, N] 
P, 0^ Aq] 



[P, 0«, H^ Aq] 

[r, o«, HT 



- 24,000 

45,000 

94,600 
85,400 
19,100 
39,350 

112,500 
100,400 

100,200 
96,700 

79,700 
45,200 

114,200 

119,600 



Formation of dilute solution of 

2HCIO3. 
Formation of dilute solution of 

2HCIO3. 
Formation of solid KCIO . 
Formation of solid NaClOg. 
Formation of liquid HCIO^. 
Formation of dilute solution of 

HCIO,. 
Formation of solid KCIO^. 
Formation of dilute solution of 

KCIO,. 
Formation of solid NaClO^. 
Formation of dilute solution of 

NaClO,. 
Formation of solid NH CIO,. 
Formation of solution of 2HIO3 

from solid I^ &c. 
Formation of solution of 2HIO3 

from solid I^ <fec. 
Formation of solid 2HIO3. 



Amalgams ^ 



Beaction 


. Thermal 
value 


Product 


Na, Hgl 
■Na, Hg»] 
K, Hgr 
K, Hg'^ 


10,300 
21,600 
20,300 
34,200 


HgNa. 

HggNa crystallised. 

HgfK. 

Hg,,K crystallised. 



1 Berthelot, Ann. Chim. Phys. (5). 10. 379 et seq. : Compt, rend. 84. 734 : 93. 
244 and 290. Compare Thomsen's number as given in tables on pp. 207, 208, 
209. 

2 Berthelot, CompU rend. 88. 1110, 1337. 



APPENDIX II. 

DATA RELATING TO ALLOTROPIC AND 
ISOMERIC CHANGES. 



Ozone to oxygen. 

[20z = 30*1 i.e. change of 96 grams of ozone into 96 grams of oxygen 

59,200 \ 
68,000". 

Combustion of sulphur. 

[s, o'Y. 



Thermal 
value 



Eemarks 



70,936 
70,840 

71,225 
71,350 

71,070 
72,330 
71,970 
72,790 
74,790 

71,080 
71,720 

69,260 



Sulphur melted 7 years before the combustion. 
Sulphur heated to softening point 3 months before 

the combustion. 
Sulphur crystallised from CS^ . 
Sulphur crystallised from water saturated with 

H,S. 
Sulphur crystals from Sicily. 
Sulphur melted after crystallising. 
Native opaque sulphur. 



» 



)> 



11 



The same but containing some reddish crystals. 

Rhombic sulphur*. 
Monoclinic sulphur*. 

Rhombic or monoclinic sulphur*. 



^ Berthelot, Compt, rend, 90. 331. 

2 van der Meulen, Ber, 8. 1863. 

8 Favre and Silbermann, Ann, Chim, Phys, (3). 34. 447. 

* Thomsen, Ber. 18. 961. 

" Berthelot, Compt. rend. 90. 1446. 
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Combustion of phosphorus. 



Thermal 
value 



Kemarks 



369,900 
326,860 

362,820 
345,340 



Ordinary yellow phosphorus \ 

Red phosphorus produced by heating ordinary 

to 580°. Sp. Gr. = 2;34». 
Ordinary red phosphorus'. 
Red phosphorus produced by heating ordinary to 

360^ Sp. Gr. = 2-19^ 

Combustion op carbon. 

[c, (y.] 



Thermal 
value 



96,960 
93,350 
93,560 



Thermal 
value 



Remarks 



Amorphous carbon*. 
Diamond *. 
Native graphite*. 

Combustion of silicon. 
[Si, 0']. 



Bemarks 



219,240 
211,120 



Amorphous silicon* 
Crystallised silicon*. 



^ Thomsen, ThermochemUche Untersuchungeny 1. 409. 

2 Troost and Hautefeuille, Compt. rend, 78. 748. 

8 Thomsen, loc, cit., 1. 411. 

4 Favre and Silbermann, Ann. Chim. Phys, (3). 34. 414 ; 423—6. 

^ Troost and Hautefeuille, Compt. rend. 70. 252. 
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Combustion of isohbbio carbon compounds. 



[CH", O"] 
[C'H", 0"] 

[CH'CH'OH, O*] 
[(CH»),0, O"! 
[CH'CH'CH'OH, 0*] 
[(CH'),CHOH, O"] 

[(CH'),CHCH'OH, O'"] 
[{CH'),COH, O"] 
[(C'H').0, 0"] 
[C'H"0, O"] 

[(CH'),C'H'COH, 0"] 
[CH''CHCH'OH, on 

[CH'cocH^ on 

[C'H'CHO, 0=] 
[C^H'tC'HO.COH, O"] 
[C"H"0, O"] 

[C'H'C'H'CHOH, 0'*] 
[(CH'),CHCH'CHO, 0"] 
[(C'H'),CO, O'*] 



787,950 
883,230 



330,450 
344,300 



480,310 
478,250 

636,700 
632,820 
668,000 
793,620 

788,540 



442,650 
424,000 
420,000 



1,544,990 
1,509,160 



733,210 

742,170 



' Thomsen, Her. la, 336, 
' Favre and SilbermaDU, Ann. Chim. 
' Berthelot, Compt. rend. M. 1243. 
* Longuinine, Compt. rend. 90. 1279 ; 
° Berthelot, Compt. rend. 8S. 414. 
' Longuinine, Compt. rend. 98. 94. 



Combiiation of goseoua ben- 
Combustion of gaseous di- 
propargyl '. 

Combustion of ethylic tilco- 

hol'. 
Combustion of methjl ether °. 

„ ,, primary pro- 
pyl alcohol'. 
Combustion of iso|>i'Opyl 
alcohol'. 

CombuatioD of primary iso- 

butyl alcohol*. 
Combustion of (solid) tri- 

methyl eaxbino!'. 
Combustion of ethyl ether'. 

„ „ fermentation 

amyl alcohol' (probably a 
mixture). 
Combustion of ethyldime- 
thyl carbinol*. 

Combustion of allyl alcohol'. 
' „ „ acetone'. 

„ of propaldehydi 

,, „ allyl dipropyl 
carbinol'. 
Oombustioa of (wiid) 
thol'. 

Combustion of ethyl vinyl- 

Combustion of valeral- 
dehyde'. 

Combustion of diethyl- 
ketone". 



Pltyt. (3) S4. 433. 

n. S9T: ea. 465; 626. 



[CH'OHCH'CH'OH, O^ 
[CH'OHCH^CHOH, O'] 
[CH"(OCH')„ O"] 

[C(CH')„OHC(CH'} OH, O"] 
[CH=CH(OC'H'')„ O"] 

[CH"{CH'),C'HO, O"] 
[(C'H'),CO, 0"] 
[(C'H7)P,C0, 0"°] 

[CH'CO'H, 0'] 
[HCO'CH=, 0'] 

[C'H'^CO'H, 0'] 
[CH'CO'CH", O'] 

[CH'CO'C'H', 0'"] 
[C'H'CO'H, 0'°] 

[C'lTCO'C'H', 0"] 
[C'H'CO'CH", O'"] 

[CH'CO'CTB', 0"] 
[CireO'C'H", 0"] 
[CH'CHO, 0'] 
[C'H'O, 0'] 
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431,170 
436,2i0 
433,900 



897,700 
918,600 



1,062,600 
1,053,900 
1,045,600 



210,300 

238,700 



390,600 
395,300 



822,500 
855,600 



1,018,500 

1,036,200 
275,000 
307,600 



Gombuation of propylene 

glycol '. 
Gombuation of iaopro- 

pylene glycol'. 
Ctombwetion of methylal '. 



„ „ heptalde- 

hyde'. 
Combustion of dipropyl- 

ketone'. 
Combustion of di-isopro- 

pylketone'. 

Combustion of acetic 

acid'. 
Combustion of metbyl 

formate '. 

Giimbustion of ethyl for- 



Combustion of ethyl 

acetate'. 
Gombuation of butyric 

Combustion of ethyl bu- 

Combustion of metiyl 
valerate'. 

Combustion of etbyl 

valerate'. 
Combustion of amyl ace- 

Combuation of ethalde- 

byde'. 
Combustion of ethylene 



' Longninine, Compt. rend. 90. 1279 : 91. 297 : 93. 466 ; 

^ LoDgninine, Camp. rend. SS. 94. 

» Berthdot and Ogier, Compt. read. 93. 774. 

* LoDguinine, Comp. rend. 100, 63, 

» Favre and Silbennann, .^nn. Chim. Phyi. (3) 34. 433. 

• Ogier, Compt. rend. 92. 671. 

' Bertljelot, BuH. See. Chim. (2). SB. 484, 
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HEATS OF NEUTRALISATION OF ACIDS AND BASES. 



I. Heats of neutralisation of acids according to the determinations 

of Thomsen^. 

In the following solutions there are usually 200 formula-weights 
of water to each formula-weight of sodium hydroxide, or equivalent 
quantity of acid. Consequently the resulting salt is dissolved in 400 
formula- weights of water. The temperature is, as a general rtile, 
between IS'' and 20° C. 

Table (1) shews the heats of neutralisation of the acids (calculated 
for one formula-weight) with formation of the normal sodium salts. 
Table (2) shews the development of heat for different proportions 
between acid and base, in so far as the normal heat of neutralisation 
is changed by an excess of acid or base. 

(1) Heats op neutralisation; with production of normal 

sodium salts. 





Monobasic adds. 




Name of the acid 


Q 


[NaOHAq, QAq] 


a. 


Inorganic adds 






1. 


Hydrofluoric acid 


HF 


16,270 


2. 


Hydrochloric acid 


HOI 


13,740 


3. 


Hydrobiiomic acid 


HBr 


13,750 


4. 


Hydriodic acid 


Hr 


13,680 


5. 


Sulphydric acid 


flSH 


7,740 


6. 


Hvpochlorous acid 


HOlO 


9,980 


7. 


Chloric acid 


HOiO, 


13,760 


8. 


Broiiiic acid 


HBrO, 


13,780 


9. 


Iodic acid 


i HIO3 


13,810 


10. 


Nitric acid 


H.NO3 


13,680 


11. 


Metaphosphoric acid 


HPO, 


14,380 


12. 


Hypophosphorous acid 


1LPH,0, 

Hao, 


15,160 


13. 


Perchloric acid 


i 14,080 



» Tkermocktmiiche rnUr$uchuitgeRy 1. 29S— 299. 
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14. Hydrocyimic acid 


HON ■ 


2,770 


IS 


Formic acid 


HOHO. ; 
HC.H.l5, 1 


13,450 


16 


Acetic «cid 


13,400 


17 


Propionic acid 


HCXSO, ' 
HCXCIO, j 
HC,Hbl,0. 


13,480 




Ethyl .nlpluric «!id 


13,460 




Monocliloracetic acid 


14,280 


■m: 


Diciiloracetic acid 


14,830 


21 


Trichloracetic acid 


HC,C1.0, 


13,920 



Dihaaic acidg. 



Name of the acid 


Q 


[2NaOHAq, QAq] 


a. Inorganic acids 






22, Fluosilicic acid 


H,SiF, 


26,620 


23. Chloropiatiuic acid 


H>tCI, 


27,230 


24. Sulpharic acid 


31,380 


25. Selenic acid 


H^d 


30,390 


26. Chromic acid 


H.CrO, 


24,720 


27. SwlphurouB acid 


H^^o; 


28,970 


28. SeleniouB acid 




27,020 


29. Dithionic acid 


h'.s.o.' 


27,070 


30. Periodic acid 


H.irf.(5, 


26,590 


31. Ai'senious acid 


^AeO 


13,780 


32. Phosphorous acid 


H.PHO, 
H,CO, 


28,450 


33. Carbonic acid 


20,180 


31. Boric acid 


H,BO. 


20,010 


35. Silicic acid 


HSiO 


5,230 


36. Stannic acid 


H,SnO' 


9,570 


b. Organic acid« 






37. Oxalic acid 


H.CO 


28,280 


38. Succinic acid 


H.6.&A 


24,160 


39. MaUcacid 


H,C,H 0, 


26,170 


iO. Tartaric acid 


H.C.H.O, 


25,310 



Name of the add 


Q 


[SNaOHAq, QAq]. 


a. Inorganic acids 

41. Phosphoric acid 

42. Arseoic acid 

b. Orgcmic acide 

43. Aconitic acid 

44. Citric acid 


H,PO, 
H>Bd. 

H,C.H,0, 


34,030 
35,920 

39,110 

1^ ^%,^Wi 
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Tetrabaaic acids. 



i [4NaOHAq, QAq] 



1^,0, 



(2) Development of heat on the forhation op acid 
and basic salts. 



Q 




[nNaOHAq, QAq) 


M 


[NaOHAq, mQA<i] 


a. Monobasic 










acids 








Difference 288 = 1'7 


- { 


1 


16,272 


1 


16,273 per cent, of total 


2 





3 




HSH 


1 

2 


7,802/ 64 


1 


7,738 

jDifference 192 = 1-4 


HIO, 


1 


13,8081 Difference 


1 


13,8081 per cent, of total 


2 


14,4 I6J 60S 


2 


14,000f beat of neatralisa- 
) tion. 




i 


7,695 


^ 


7,637 


HPH,0, 


I 


IS, 1601 Difference 
15,275/ 115 


1 


aiifference 230 = 1-5 
15,160( pur cent, of total 




2 


2 


15,390f lieat of neutralisa- 




i 


7,10* 


i 


5,500 




1 


14,376 


i 


8,192 


HPO, . 








iDiBerence 168^1'1 






16,384 


1 


14,3761 per cent. o( total 
14,208f Wt of neatraliflB- 
; tion. 




3 


16,500 


2 


b. Dibasic 










acids 














7,193 


i 


7,842 






14,754 


i 


15,689 


H,SO, 




20,077 


16,058 






31,378 


1 


14,754 






31,368 
14,764 
30,392 


3 


14,386 
16,196 


H,SbO, 




i 


14,764 






13,134 




6,291 


H,CrO. 




24,720 


12,360 






25,164 




13,134 






15,870 




7,332 


H.SO, ■ 




28,968 


14,484 






29,328 




15,870 






14,772 




6,872 


H,SeO, 




27,024 


13,612 






27,484 




14,772 
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HJH3O, J 



H>A 



H,PH03 



H.CO3 



H.Ba ^ 



H,Si03 ^ 



HAO. 



HAHA 



H AHA ^ 



HAHA 



1 
3 

o 

M 

6 

3 



1 
2 
3 
4 

1 
2 
3 

1 

2 

4 

1 
ir 

1 

ft 

"ST 
8 

2 
3 
6 

\ 

\ 
2 

1 

4 

2 

4 

\ 
1 

2 

4 

1 
2 
4 

1 
2 
4 

1 
2 
3 



5,150 
16,520 
26,590 
28,230 
29,740 
32,040 

7,300 
13,780 
15,070 
15,580 

7,428 
14,832 
28,448 
28,940 

11,016 
20,184 
20,592 

4,524 
6,434 
11,101 
12,835 
15,460 
20,010 
20,460 
20,640 

2,652 
3,241 
3,555 
4,316 
4,731 
5,230 
5,412 

6,904 
13,844 
28,278 
28,500 

12,400 
24,156 
24,384 

13,035 
26,168 
26,752 

12,442 
25,314 
25,845 



\ 

1 
ir 
2 

\ 

2 
1 



1 
ir 

\ 
1 

1 

IT 

\ 
1 

2 

\ 

\ 
1 

1 

2 
6 

I 

2 
3 

i 



1 

3 
"2 

2 



i 

1 
2 

i 

\ 
1 

1 

1 

1 



6,410 

9,910 
11,290 
13,300 
11,010 

5,150 

3,895 
5,023 

6,890 
7,300 

9,647 
14,244 
14,832 
14,856 

5,148 
10,092 
11,016 

3,440 

6,820 
10,005 
10,307 
10,696 
11,101 
12,869 
13,573 

1,353 
2,615 
3,548 
4,316 
5,332 
6,483 
7,956 

7,125 
14,139 

13*8081 ^^®^®^ce 36 

6,096 
12,078 
12,400 

6,688 
13;035} difference 49 

8,615 
1 i 442 1 ^iff^^e^ce 215 



M. T. a 



Yl 



\ 
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c. TrtbtMicand 
tetrabasicaeida. 



H3P0J 



H,A80, 



H.CAO. 



H.C^A 



4 9 7 



\ 
1 

2 
3 
6 

1 

2 
3 
6 

1 
2 
3 
6 

1 
2 
3 

6 

1 
2 
4 
6 



7,329 
14,829 
27,078 
34,029 
35,280 

7,362 

14,994 
27,580 
35,916 
37,400 

12,848 
25,781 
39,114 
40,100 

12,672 
25,445 

38,982 
41,725 

14,376 
28,644 
52,738 
54,480 



1 
1 



1 
2 

1 

1 



1 

2 

1 

1 



1 

1 
F 



1 
F 



5,880 
11,343 
13,539 
14,829 
14,658 

6,233 
11,972 
13,790 
14,994 
14,724 

6,683 
13,038 
12,890 

12,848 

6,954 
12,994 
12,722 
12,672 

9,080 
13,184 
14,322 
14,376 



II. Heats of neutralisation of hoses according to the determina- 
tions of Thomsen^, 

(1) Direct results of experiments. 

Neutralisation op inorganic bases. 



B 


[BAq, HsSO^Aq] 


[BAq, 2HCaAq] 


[BAq, 2HN08Aq] 


2TnOH 


31,288 


27,696 




2I^a()H 


31,378 


27,488 


27,364 


2K0H 


31,288 


27,504 


27,544 


2TK)H 


31,095 


47,528 


27,380 


BaO'H* 


36,896 


27,784 


28,264 


SrO«H« 


30,710 


27,630 




CaO«H« 


31,140 


27,900 




2NH» 


28,152 


24,544 


24,644 



ThermochemUche Untersuchungenf 1. 412 — 121. 
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To these experiments we may add the foUowing, in which a base 
insoluble in water is dissolved and neutralised by the acids : — 

[CuO, 2H«S0*Aq] = 18,130. 
[PbO, 2HN0»Aq] = 17,775. 
[PbO, 2C"H*0"Aq] = 15,468. 

Neutralisation op organic bases. 



B 


[BAq, H*SO^Aq] 


[BAq, 2HCaAq] 


2C«H*.NH" 




26,880 


2CHM^H" 




26,230 


2(CHy.NH 




23,620 


2(CH7.N 


21,080 


17,480 


2(CHyN.0H 


31,032 


27,490 


2(0«HyS.OH 


30,590 


27,440 


2(Nff)*Pt.0»H* 


30,850 


27,300 


2NffO 




18,520 


2C"H«^N«0'.0H 




21,680 


2Sh{C'RyO 


3,650 





Simple decompositions. 



a. Sidphwric (tcid, cmd salts of barium and lead. 



Q 


[QAq, HsSO^Aq] 


BaCl" 


9,152 


BaN»0« 


8,560 


BaS«0« 


9,136 


BaCl'O^ 


8,840 


Ba(PO«H«)« 


5,965 


Ba(C»H*.S07 


9,336 


Ba((7HW» 


9,992 


PbN'O* 


5,448 


Pb(0'H»07 


7,656 



\n— 't 
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6. Sulphalei, and baryta or pota»h. 



Q 


[()M.B«0>E>Ail 


[(JAq,2KOHAq] 


Nn-SO' 


5,492 




K*SO' 


6,632 





Tl'SO* 


5,728 





N'H'SO' 


8,792 





MgSO* 


6,840 


-88 


MnSO* 


10,304 


+ 4,912 


NiSO* 


10,628 


6,532 


CoSO* 


12,224 


5,888 


Peso* 


12,004 


6,340 


CdSO' 


13,072 


7,066 


ZnSO' 


13,428 


7,936 


OuSO' 


18,456 


12,376 


BeSO* 





16,192 


Ag-SO' 


— 


16,800 


iFe'(80')' 


— 


19,984 


Ce'(SOT 


9,458 





10,872 


_ 


Di'(SO')' 
Y'(SO*)* 
- AI'K'{SO')* 
Cr-KVaO')' 


11,175 


— 


11,826 


— 


16,000 


10,176 


— 


U,848 


. Fe'K'(SO*)' 


— 


20,040 


(NH'O)'H'SO' 


15,320 


— 


(NC''H')'H'SO* 




12,900 



To Haa group we may add the following reactions : — 
[CuC*H"0'Aq, BaCH'Aq] = 14,072 
[Er'.6C'H'0'Aq, 3BaO'H'Aq]=;25,680 
[2AgN0'Aq, BaO'H'Aq] = 17,380 

[CO'.N'H'Aq, BaO'H'Aq] = 4,971. 

e. Partial decompositions. 
[Be80*Ac[, nKOHAq] [FeKH'Aq, nNaOHAql 



17,040 
25,308 

33,408 
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n 


[PbN«0«Aq,nNaOHAq] 


[PbC^H«0*Aq, nKOHAq] 


1 

2 

4 

12 


6,396 
12,678 
11,952 
11,064 

8,260 


4,332 
8,196 



PbO.PbC^HWAq, 2N0'HAq] = 12,037 
K^SO^Aq, 2N0"HAq] =-2,968 

2KN0«Aq, SO'H'Aq] = 709. 



Double decompositions. 
a. SulphateSf and salts of barium. 



Q 


[QAq, BaCPAq] 


[QAq, BaN20«Aq] 


Na*SO* 


5,240 


4,680 


K*SO* 


5,280 


(5,648) 


Am^gO* 


5,408 


5,048 


MgSO' 


5,600 


4,936 


MnSO* 


5,600 




CoSO* 


5,688 




CdSO* 


5,683 


5,128 


ZnSO* 


5,504 




CuSO* 


5,616 


5,080 


BeSO* 


6,660 





Q 


[QAq, SBaCMq] 


re*3S0* 
T-a.'3S0* 
Ce«3S0* 
Di'3S0* 
Y»3S0* 


27,432 
20,016 
21,762 
22,140 
22,842 



Q 


[QAq, 4BaCl»Aq] 


K'SO*.Al'(SOy 
K'SO«.Cr'(SO*)» 


25,628 
24,544 
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nr. 




Q 


[QAq, BifcC<H«0»Aq] 


[QAq, Bifc€*Hi».SWAq] 


Na'SO* 


5,040 j 


4,884 


K'SO* 


5,136 




m^^ 


CaSO* 






5,784 


ZnSO* 


4,608 






CnSO* 


4,368 


5,736 


FefSO* 


6,736 ! 






[Na«SO*Aq, BaCTCyAq] 


= 4,980 




[CuSO*Aq, BaaHyAq] 


= 5,950 




[Fe-S^^'Aq, SBaa^CAq] 


- 28,020 




[Fe'SWAq, 3BaNWAq] 


= 25,776 




[MgSO*Aq, BaSWAq] 


= 5,456 




[CdSO*Aq, BaS'CAq; 


I 


= 5,600. 



b. Salts of lead, stroniium, and ccUcium, 

[PbN"0*Aq, Na'SO^Aq] = 1,712 
[SrCl'Aq, Na«SO'Aq] = 300 
[CaCl'Aq, Na'SO^Aq] = 438. 



(2) Heats of neutralisation of bases with various acids. 
Sulphuric acid, htdbochlobic acid, and nitric acid. 

Inorganic bases. 



Q 


Solphurio add 


.Hydrochlorio acid 


Nitrio acid 


. [Q, S0*H2Aq] 


[Q, 2ClHAq] 


[Q, 2N05HAq] 


2K0HAq 


31,290 


27,500 


27,540 


2NaOHAq 


31,380 


27,490 


27,360 


2LiOHAq 


31,290 


27,700 


— 


2T10HAq 


31,130 


27,520 


27,380 


BaO'H'Aq 


36,900* 


27,780 


28,260 


SrO'ffAq 


30,710 


27,630 


— 


CaO'H'Aq 


31,140 


27,900 


— 


MgO'ff 


31,220 


27,690 


27,520 


MnO"H" 


26,480 


22,950 





NiO'ir 


26,110 


22,580 





CoO"H" 


24,670 


21,140 


. 


FoO'H" 


24,920 


21,390 


• 


CdO»H» 


23,820 


20,290 


20,320 


ZuO'W 


23,410 


19,880 


19,830 



\ 



CuO»H» 

CuO 

PbO 

HgO 

Hg^O 

Ag^O 

BeOicH'O 
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18,440 


14,910 


18,800 


15,270 


23,380* 


15,390 




18,920 




30,070* 


14,490 


42,380* 


28,150 


24,540 


16,100 


13,640 
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14,890 
15,250 
17,770 
6,210 
5,790 
10,880 
24,640 



* The numbers marked thus represent the thermal values of the 
neutralisations when the compounds produced are completely pre- 
cipitated. In all other cases the compound formed is dissolved in 
the resulting liquid. For thallous chloride the thermal value is 47,680 
if the compound is supposed to remain undissolved. 



Q 


Solpharic acid 


Hydrochlorio aoid 


[Q, 3SO^H2Aq] 


[Q, 601HAq] 


La'O'ojH^O 


3.27,470 


3.25,020 


Ce'O'ajffO 


3.26,030 


3.24,160 


Di'O'xB'O 


3.25,720 


3.23,980 


Y^O'ajffO 


3.25,070 


3.23,570 


AVO'xR'O 


3.20,990 


3.18,640 


Cr'O'ajH'O 


3.16,440 


3.13,730 


JPe'O'xWO 


3.11,280 


3.11,150 



Organic bases. 



Q 


Sulphuric acid 


Hydrochloric acid 


[QAq, SO^H^Aq] 


[QAq, 2ClHAq] 


Pt(Nff),(OH), 


30,850 


27,300 


2S(C*H*)30H 


30,590 


27,440 


2N(CH\0H 


31,030 


27,490 


2NH" 


28,150 


24,540 


2NH«(0H^ 




26,230 


2NH(Cff), 




23,620 


2N(CH«), 


21,080 


17,480 


2NHXC*ff) 




26,880 


2NH'(0H) 


21,580 


18,520 


2C"H»^NW0H) 




21,680 


Sb(C*H0^O 


3,650 




2NH«(C«H'^) 


18,480 


(15,480) 


2Nff(C^H^) 


(18,540) 


15,240 



\ 
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Carbon dioxide, sulphydric acid, and acetic acid. 



Q 


Carbon dioxide 


Sulphydric acid 


Acetic acid 


[Q, CO>Aq] 


[Q, 2SH»Aq] 


[Q, 2C2H402Aq] 


2NaOHAq 


20,180 


15,480 


26,790 


2K0HAq 




• 


26,430 


BaO*H« 


21,820 


15,750 


26,900 


SrO*K« 


20,550 






CaO«H« 


18,510 






MgO'H" 




15,680 


26,400 


2NH«Aq 


16,850^ 


12,390 
[Q, SH'Aq] 


24,020 


MnO»H« 


13,230 


10,700 




NiO'H" 




18,630 




CoO«H» 




17,410 




FeO^H* 




14,570 




CdO'ff 


12,990 


27,370 




ZnO'H« 




17,970 


18,030 


CuO'ff 






12,820 


CuO 




31,670 


13,180 


PbO 


16,700 


29,200 


15,470 


HgO 




45,300 




Tl'^O 




38,490 




Cu^O 




38,530 




Ag'O 


14,180 


58,510 




Fe*0= 3H'0 






38,020 



DiTHIONIC ACID, ETHYL-SULPHUEIC ACID, AND CHLORIC ACID. 

[Q, RAq] 





R 


Q 


S206H2 


2[C2H5.S04H] 


2C103H 


2]SraOHAq 


27,070 


26,930 


27,520 


BaO'H^Aq 


27,760 


27,560 


28,050 


MgO'H^ 


27,540 






CoO'H* 




21,120 




CdO'H* 


20,360 






CuO^H» 




14,840 


15,550 


iFeWH^ 






10,780 



1 This number represents the value of the reaction when 100 HjO is present. 
For a Bolntion with 400 H2O the \al\ie ia 15,900 units. 
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Hypophosphorous acid and arsenious oxide. 





Q, EAq; 




Q 


R=2P02H3 


R=As-03 


2NaOHAq 
BaO'H'Aq 


30,320 
30,930 


13,780 
14,020 



III. Heats of neutralisation of adds and bases according to the 
observations of various chemists. 

Carbon acids. 



Beaction 



Thermal 
value 



Bemarks 



[ 



■JH*Fe(CN)'Aq, K'O^ffAq] 
;|H*Fe(CN)«Aq, JFe^O^] 

C'H^CO'HAq, KOHAq] 
(C'HyCO'HAq, KOHAq] 



[C^ffCO'HAq, KOHAq] 

[CH'NH'CO'H 21ffO, 

Na^O'ff 21ffO] 
[CH'NH^CO'H 21H^0, 

HCl 2IffO] 
[CffCHI^H^CO'^H 81H^0, 

Na*0'ff21ffO] 
[CH'CHNffCO'H SIH'O, 

HCIH'O] 



[C'H^OHCO'^HAq, 



NaOHAq] 



27,000 
12,600 

14,300 
14,300 

14,400 

2,990 

980 

2,470 

900 

13,500 



Precipitated ferric oxide used. 

Neutralisation of butyric acid 1 
Neutralisation of isobutyric 

acid ^ 
Neutralisation of valeric acid\ 

Neutralisation of gly cocoll by 

soda^ 
Neutralisation of glycocoll by 

acid^. 
Neutralisation of alanine by 

soda". 
Neutralisation of alanine by 

acid*. 

Neutralisation of lactic acid^ 



^ Longuinine, Compt, rend, 80. 568. 
2 Id. loc, cit, 86. 1329. 
» Berthelot. 
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Phenol". 
[C'H'OAq, QAq]. 



Q 


Thermal 


/-v 


Thermal 


value 


Q 


value 


NaOH 


7,340 


|NH« 


1,270 


fNa'O'H* 


7,460 


4^ff 


1,800 


KOH 


7,510 


4NH« 


2,180 


iCaO^H* 


7,420 


|NH^ 


2,520 


JBaO'H* 


2,500 


2Nff 


2,700 


ABaO'H' 


5,030 






|BaO*H« 


7,480 







Glycollic acid*. 



Q 


[2Cm*0^Aq, QAq] 


Q 


[2C2H*03Aq, Q] 


K»0»H» 


27,480 


PbO 


15,100 


Na^O^H* 


27,200 


MgO 


27,420 


2NH*0H 


24,460 


CuO 


15,220 


BaO'H' 


27,800 


ZnO 


20,800 


SrO'H* 


28,000 






CaO'H* 


27,800 







w=l 

n = 2 



ISOMEEIC OXYBENZOIC ACIDS ^ 

[C'H^OHCO'HAq, TiNaOHAq] 
ortho-acid meta-acid 



12,910 

810 



12,800 

8,200 

700 



para-acid 

12,730 

8,770 

700 



1 Berthelot, Compt. rend, 73. 672. 

2 De Forcrand, Compt, rend, 96. 582. A few more heats of neutralisation 
are to be found in Naumann's Thermochemie, pp. 360 — 367. 

' Berthelot and Werner, Compt, rend, 100. 1568 
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DATA RELATING TO DISSOCIATION-PHENOMENA. 



I. Relative densities of bodies which undergo dissociation. 

Nitrogen teteoxide. 
Density (air = 1) calculated for N,0^ = 3-18 ; for NO, = 1 -59. 

I. Fressu/re = 760 mm.* 



Temp. Density 



26^-7 


2-65 


27-6 


2-70 


28 


2-70 


28-7 


2-80 


32 


2-65 


34-6 


2-62 


35-2 


2-66 


35-4 


2-53 


39-8 


2-46 


451 


2-40 


49-6 


2-27 



Temp. Pressnre Density 
mm. 



-6° 
-5 
-3 
-1 
+ 1 

2-5 

4 



125-5 
123 
84 
153 
138 
145 
172-5 



3-01 
2-98 
2-92 
2-87 
2-84 
2-84 
2-85 



Temp. Density 



49°-7 


2-34 


90° 


1-72 


52 


2-26 


100 


1-71 


55 


2-20 


100-1 


1-68 


60-2 


2-08 


100-25 


1-72 


66 


2-03 


111-3 


1-65 


68 


1-99 


121-5 


1-62 


70 


1-93 


121-8 


1-64 


77-4 


1-85 


135 


1-60 


79 


1-84 


151-8 


1-50 


80-6 


1-80 


154 


1-58 


84-4 


1-83 


183-2 


1-57 



Temp. Density 



II. Pressure va/n/ing'. 

Temp. Pressure Density 
mm. 



10^-5 

11 

14-5 

16 

16-5 

16-8 

17-5 



163 

190 

175 

228-5 

224 

172 

172 



2-73 
2-76 
2-62 
2-65 
2-57 
2-55 
2-52 



Temp. Pressure Density 
mm. 



18° 

18-5 

20 

20-8 

21-5 

22-5 

22-5 



279 

136 

301 

153-5 

161 

101 

136-5 



2-71 
2-45 
2-70 
2-46 
2-38 
2-28 
2-35 



^ DeyiUe and Troost, Compt, rend, M. 237. 

3 Naumann, Ber, 11. 2045. See alao ante, pi^. l^V ^i[i<i VL^. 
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PUOSPHORUS PENTACHLORIDE. 

Density (air = 1) calculated for PCI, = 7*2 ; for Pa, + CI, = 36. 

I. Pressure = 7 60 Tmn.^ 







Batio of dipso- 






Batio of disso- 


remp. 


Density 


ciated PCI5 to 
possible PCI5 


Temp. 


Density 


ciated PClg to 
possible PCI5 


182° 


5-08 


0-42 


274° 


3-84 


0-98 


190 


4-99 


0-45 


288 


3-67 


0-97 


200 


4-85 


0-49 


289 


3-69 


0-96 


230 


4-30 


0-68 


300 


3-65 


0-98 


250 


3-99 


0-80 


327 


365 


0-98 








336 


3-66 


0-98 



II. Pressn/re varying^. 





Pres- 




Batio of disso- 




Pres- 




Batio of disso- 


Temp. 


sure 


Density 


ciated PCI5 to 


Temp. 


sure 


Density 


ciated PCI5 to 




mm. 




possible PClg 




mm. 




possible PCI5 


129° 


165 


6-31 


0-14 


145° 


307 


6-33 


0-14 


129 


170 


6-63 


0-09 


145 


311 


6-70 


0-08 


129 


191 


6-18 


0-17 


145 


391 


6-55 


0-10 


137 


148 


6-47 


0-12 


148-6 


244 


5-96 


0-21 


137 


234 


6-42 


0-13 


150-1 


225 


5-89 


0-23 


137 


243 


6-46 


0-12 


154-7 


221 


5-62 


0-29 


137 


269 


6-54 


0-10 


167-6 


221-8 


5-42 


0-33 


137 


281 


6-48 


0-11 


17o-8 


253-7 


524 


0-30 


144-7 


247 


614 


0-18 


178-5 


227-2 


515 


0-40 



Phosphorus pentachloride and trichloride. 

Experiments on the mixed vapours obtained by vaporising PCl^ 
into an atmosphere of PClg.** 

jt? = pressure of the mixture of PCI5, PClg, and Cl^, : Tr = pressure 
due to possible pentachloride (found by subtracting pressure due to 
excess of trichloride, as calculated from the theoretical density of 
PCI3, from the total pressure): c;? = density of possible pentachloride^ 
calculated from its pressure, tt, temperature and volume being 
known. 



^ Cahours, Compt. rend. 21. 625 : and Ann, Chim. Phys. (3) 20. 369. 

^ Wurtz, Compt, rend, 76. 601 ; also Troost and Hautefeuille, Compt, rend, 
88. 977. 

8 Wurtz, Compt, rend, 76. 601. See further regarding the dissociation of 
PCl^ , Lemoine, Etudes iur le$ Equilibres Chimiques 68 — 72. 
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Temp. 


P 


T 


d 


173°-3 


756-1 mm. 


423 


6-68 


165-4 


748-4 


413 


6-80 


176-3 


751 


411 


6-88 


169-4 


724-1 


394 


7-16 


175-3 


743-3 


343 


7-03 


164-9 


758-5 


338 


7-38 


175-8 


760 


318 


7-00 


175-3 


756-3 


271 


7-06 


160-5 


753-5 


214 


7-44 


165-4 


760 


194 


7-25 


170-3 


751-2 


174 


8-30 


174-3 


742-7 


168 


7-74 
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Amylic bbomide, Ain) amtlig iodide \ 
Density (air = 1) of amylic bromide calculated for C^Hj^Br = 5-22 : 



for qH^, + HBr= 2-61. 



Density (air = 1) of amylic iodide calculated for C^H,jI = 6-84 : for 
C3H,, + HI = 3-42. 

Pressure = 760 mm. 



Temp. 



I. Amylic bromide. 



Density 



152° 


5-37 


155-8 


5-18 


160-5 


5-32 


165 


5-14 


171-2 


5-16 


173-1 


5-18 


183-3 


5-15 


185-5 


5-12 


193-2 


4-84 


195-5 


4-66 


205-2 


4-39 



Temp. 



II. Amylic iodide. 



Temp. 


Density 


143° 


6-05 


153-5 


5-97 


160 


5-73 


168 


5-88 


210 


4-66 


262 


4-38 



Density 



215° 


4-12 


225 


4-18 


236-5 


3-83 


248 


3-30 


262-5 


3-09 


272 


3-11 


295 


319 


305-3 


3-19 


314 


2-98 


319-2 


2-88 


360 


2-61 



1 Wurtz, ConypU rend. 60. 728. Ann, Chita, Phtja, ^4\. ^. \3»V. 
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The chlobides of sulphur \ 

The quantities of the different compounds present at different 
temperatures were determined. 



I. DisaodcUion of SCl^ into 2801,. 



Temp. 

-22^ 

-15 

-10 

- 7 

- 2 
+0-7 

6-2 



SCI4 

100-0 
42-0 
27-6 
22-0 
12-0 
8-9 
24 



SClj 



Bise of 
Temp. 



00 70 

68-0 ^ 

724 I 

78-0 I 

88-0 • • • • 2.7 
91-3 ^^ 

97-6 ^'^ 



Xncrease in 
quantity 
of SCI, 



Mean in- 
crease for 
1« 



58-0 8-3 

13-2. . . . .2-6 

5-7 1-9 

10-0 20 

3-1 . . . . .1-1 
64 M 



II. Dissociation of 2801, into 8,01,. 



Temp. 

20° 

30 

50 

65 

85 

90 
100 
110 
120 
130 



SOL, 

934 

87-2 
754 
66-8 
54-1 
26-5 
19-5 
124 
54 
0-0 



S2CI2 



Else of 
Temp. 



6-6 ,Qo 

24-6 il 

33-2 ^J 

45-9 ^l 

80-5 • • • • • ;j 

87-6 ;j 

94-6 • • • ; • ;s 

1000 ^" 



Increase in 
quantity 
of SjClj 



6-2 

11-8 

8-6 

12-7 

27-6 

70 

7-1 

7-0 

54 



Mean in- 
crease for 
10® 

6-2 
6-9 
5-7 
6-3 
(55-2?) 
7-0 
7-1 
7-0 
54 



Selenion tetrachloride*. 
Density (air = 1) calculated for 8eCl^ = 7*63 : for Se + 01^ = 3-815. 

Presswre = 760 mm. 



Temp. 

180° 
200 
210 
225 



Density 

7-62 
7-72 
6-37 
5-82 



Temp. 

245° 

295 

350 



Density 

5-50 
503 
4-59 



1 Michaelis and Sohifferdecker, Ber, 6. 993. 

' Evans and Bamsay, C. S, Journal. Trans, for 1884. 62. 
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Sulphuric acid^ 
Density (air=i) calculated for H^SO,=3-386: for S03 + H,0=l-693. 

Pressure = 760 mm. 

Temp. Density 

332° 2-50 







345 


2-24 








365 


2-12 








416 


1-69 








498 


1-68 








Iodine 


VAPOUR*. 




Density (air = 


= 1) 


calculated for I^, = 8*76 : 
I. Pressure = 760 mm. 


for 1 + 1 = 4-38. 


Temp. 




Density 


Temp. 


Density 


448° 




8-74 


1040° 


7-01 


680 




8-23 


1270 


6-82 


764 




8-28 


1400 


5-27 


855 




8 07 


1470 


5-06 


940 




7-65 







II. Pressure varying^, 
Pressnre mm. Temp. Density 



76 


1350° 


4-4 


152 


1400 


4-4 


228 


1500 


4-6 


304 


1450 


4-9 



For the interval 350° — 700° the density was constant and equal 
to 8' 8 even when the pressure was much diminished. 

Chloral hydrate*. (B. P. = 95°) 

Density (air = 1) calculated for C,Cl3H30, = 5-72 : 

for C,a3H0 + H,0 = 2-86. 
Temp. Pressnre mm. Density 

100 450-5 2-81 

78-5 162 2-83 

^ Wanklyn and Bobinson, Compt. rend, 66. 547. 

3 iiieler and Crafts, Ber. 13. 851. 
' Id. Compt, rend, 92. 39. 

4 Naomann, Ber. 9. 822. 
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Chloral alcoholate^ (B. P. = 116^) 
Density (air = 1) calculated for C^H^ClgO = 6*7 : 



Temp. 
100' 



for aCl HO + C H,0 = 3-35 

mo a O 

Pressure mm. Density 

756 3-33 



Butyl chloral hydrate*. 

Density (air = 1) calculated for C^H.ClgO, = 6-7 : 

forCHCLO + H,0 = 3-35. 

Boiling begins at 100° and temperature rises until 165°, the B. P. 

of butjlchloral, is reached. 

Temp. Pressure mm. Density 

100° 338 3-55 

100° 476 3-50 

Densities of various completely dissociated vapours ^ 

Density (air=l) 



Ammonium chloride ) 
NH.Cl j 

Ammonium bromide ) 
NH,Br j 

Ammonium iodide NH^I 

Ammonium sulphydrate ) 

NH.SH / 

Ammonium cyanide ) 

NH.CN I 

Ethylamine hydrochlo- ) 

ride NH,(C,H JHCl j 

Aniline hydrochloride \ 

NH.(C,H.)HC1 



Ammonium carbamate* 
CO(NHJ(ONHJ 



Temp. 

350° 
1040 
440 
860 
440 
860 

56-7 
100 
350 
350 



pressure 
mm. 



37 

47 

78 

78 

100 

140 



144 

403 
160 
422 
169 
760 



observed 

1-01\ 
1-00 J 
1-671 
1-71J 
2-59\ 
2-78J 

0-89 
0-79 
1-44 
2-19 

0-896 

0-890 
0-893 
0-892 
0-891 
0-894 



calculated for 
O-93NH3+HCI 

l-70]SrH3 + HBr 

2-5ONH3 + HI 

0-88NH3 + H,S 

O-76NH3 + HCN 

1-41 NH,(C,H,)+ 

1-83 NH,(C,H,) + 

HCl 



. 0-898 2]SrH3 + CO, 



1 Wurtz, Compt. rend. 86. 49. 

2 Engel and Moitessier, Compt. rend, 90. 1075. 

3 Deville and Troost, Compt, rend, 56. 895. 
^ Naumann, Ber, 4. 780. 
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Hydriodic acid. 

Lemoine's experiments were made (1) with hydriodic acid, (2) 
with a mixture of hydrogen and iodine vapour. He studied both the 
rate and the limit of dissociation at specified temperatures and 
pressures ; and also the influence of an excess of either constituent 
on the final equilibrium of the system. 

His most important results are given in the following tables. 



I. Bate of dissociation. 
Hydrogen and iodine vaponr heated to S5QP, 



Hydriodic acid 
heated to 350<'. 



Pressure = 3040 mm. 

Duration of Ratio of free 
Experiment to total 
in bours hydrogen 



8 


0-4 


8 


0-48 


23 


0-25 


33J 


0-29 (?) 


72 


0-21 


76 


0-22 


117 


0-22 


140 


0-22 



Pressure =1520 mm. ! Pressure =684 mm. 

Duration of Ratio of free Duration of Ratio of free 
Experiment to total Experiment to total 



■^ r 



^-v_ 



in hours hydrogen 



3 

8 

34 

76 

327 



88 
0-69 
0-48 
0-29 
0-185 



in hours hydrogen 



8 

34 

75 

79^ 
215 
377 
407 



0-97 

0-61 

0-53 

0-48 (?) 

0-35 

0-22 

018 (71) 



Pressure = 


1520 mm. 


Duration of 

Experiment 

in hours 


Ratio of free 

to total 

hydrogen 


9 


03 


70 


0-20 


167 


0-21 


259 


0-186 



. When equilibrium is established at a pressure of two atmospheres, 
the ratio seems to be about 0-186. 



II. Limit of dissociation. 
Hydrogen and iodine vapour heated to 440^. 



Pressure = 3420 mm. 

Duration of Ratio of free 
Experiment to total 
in hours hydrogen 



1-85 
22 
22 



0-24 
0-24 
0-24 



Pressure = 1750 mm. 

Duration of Ratio of free 
Experiment to total 
in hours hydrogen 



Pressure =684 mm. Pressure = 152 mm. 



0-33 
9-5 

18 



0-31 
0-25 
0-26 



Duration of Ratio of free 
Experiment to total 
in hours hydrogen 



24-5 
25 



0-27 
0-25 



Duration of Ratio of free 
Experiment to total 
in hours hydrogen 



119 
119 



0-297 
0-297 



Lemoine notices some sources of error in these experiments. He 
concludes that when equilibrium is established at a pressure of 4J 
atmospheres the ratio of free to total hydrogen is 0-25, and when 
established at 0-9 atmospheres the ratio is 0*30. 

M. T. C. \'^ 
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III. Injltience of excess of one constituent on the final equilibrium 

of the system. 

Hydrogen and iodine vapour heated to 440°, pressure being 

= 1750 mm. 

Ratio of HI dissociated : Ratio of HI produced : 

HI possible^ HI possible ^ 

0-24 0-76 

0-17 0-83 

0-14 0-86 

0-12 0-88 



Ratio of H:I 



H :I 

H : -784 1 
H :-527I 
H : -258 1 



The results on which the foregoing table is based may also be 
represented in this way : — 



Composition of 
initial system 

H + I 
2H + I 
3H + I 
4H + I 



Ratio of HI dissociated : Ratio of HI produced : 
HI possible HI possible 



0-26 
0-16 
0-13 (?) 
0-12 



0-74 
0-84 
0-87 
0-88 



Compound formed by the acjtion op hydrochloric acid on 

METHYLic oxide; C^HgO. HCl. 

The influence of (1) temperature, (2) pressure, (3) excess of one 
constituent, on the dissociation of C^Hfi. HCl has been studied by 
Friedel^ 

I. Influence of temperature. 
Pressure approximately 760 mm. 



Temp. 


Density 


5« 


1-645 


15 


1-570 


25 


1537 


35 


1-516 


45 


1-506 



Ratio of disso- 
ciated : total gas^ 



0-75 
0-84 
0-88 
0-90 
0-92 



Temp. 


Density 


55" 


1-498 


65 


1-488 


75 


1-483 


85 


1-474 


95 


1-467 



Ratio of disso- 
ciated : total gas 3 



0-93 
094 
0-95 
0-96 
0-97 



Theoretical density if decomposition were complete = 1 -43 ; if no 
decomposition occurred = 2*854. 

1 That is, possible if all the iodine had combined with hydrogen. 

2 Bull. Soc. Chim. (2). 24. 160 ; 241. 

8 Calculated by Lemoine. See his Etudes mr les Equilihres chimiques, 87 
—91. 
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II. Influ&rvce of pressure. 
Temperature approximately 21**. 



Prmsnre 


Density 


Ratio of disso- 
ciated : total 
gas* 


Pressure 


Density 


Batio of disso- 
ciated : total 
gas^ 


670 mm. 
750 „ 
850 „ 


1-537 
1-548 
1-565 


0-88 
0-86 
0-84 


950 mm. 
1050 „ 
1100 „ 


1-583 

1-602 
1-611 


0-82 
0-80 
0-79 



Theoretical density if decomposition were complete = 1-43; if no 
decomposition occurred = 2*854. 

III. Influence of excess of one constituent. 

The contraction occurring on mixing varying volumes of (CHg)gO 
and HCl gases was measured. Temp, approximately 20° ; pressure 
approximately 760 ram. 



Excess of one constitnent, referred to 


Contraction, 


referred to the total 


the total volume of the mixture. 


quantity 


of gas 


which could combine. 










Katio of disso- 


(1) Excess of (CH3),0. 






. 


ciated : total gas^ 





5-8] 


per cent. 


0-884 


0-1 


7-7 


)) 




0-846 


0-2 


8-9 


)> 




0-822 


0-4 


10-8 


>> 




0-784 


0-6 


11-8 


>) 




0-764 


(2) Excess of HCl. 













5-8 


>> 




0-884 


01 


7-7 


>) 




0-846 


0-2 


8-6 


>> 




0-828 


0-4 


10-4 


?) 




0-792 


0-6 


11-2 


n 




0-776 



* Calculated by Lemoine. See his Etudes sur leg Equilibres chimiqueSy 87 
—91. 
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II. Equilibr%umrprtS8ure9 of different dissociating systems <U 

various temperatures. 

Ammonium carbamate. 
CO(NH^ONH, dissociates into 2XH, + CO/. 



Temp. 



Eqailibriam-pressore 



-15^ 

-10 

-5 



+ 2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 



2-6 mm. 


4-8 




7-5 




12-4 




15-7 




19 




22 




25-7 




29-8 




34 




39 




46-5 




53-7 




62-4 




72 




84-8 





I 

Temp. ' Equilibriam-pressnre 



26" 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

55 

60 



97*5 mm. 
110 
124 
143 
166 
191 
219 
248 
278 
316 
354 
402 
470 
600 
770 



Double compounds of ammonia. 
The double compounds of .silver chloride and ammonia dissociate 
into their constituents', (1) AgCl.SNHg into AgCl + 3NH3; (2) 
2AgCl . 3NH3 = 2 AgCl + 3NH3. 





■" ■■ «^^ft*A*iVA A %<»*** 1 


A 


Temp. 


AgCl. 3NH3 


2AgCl . SNHj 


6" 




22 


7 




23-4 


8 


432 


24-9 


9 


446 


26-5 


10 


465 


28-2 


11 


491 


30 


12 


520 


31-9 


13 


551 


33-9 


14 


584 


36 


15 


618 


38-3 


16 


653 


40-9 


17 


688 


43-7 


18 


723 


46-6 


19 


758 


49-6 


20 


793 


52-6 


21 


829 


55-6 



^ Naamann. Ber, 4. 781 ; 815. See also Id. /or. cit. 18. 1157. 
« Honif \ 756. 
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The double compound of calcium chloride and ammonia, 
CaCl^SNH^, dissociates into its constituents* CaCl, + 8NH3. 



to 
.9 

'o3 

s 

H 



a> ^ 



Temp. 


10-8 
11-6 
13 
15-7 
17-8 
214 
30-4 
36-8 
43-4 
^21-5 
19-9 
16-3 





Equilibrium-pressare (mm.) 

120-5 
209-2 
239 
259-6 
295 
320 
380 
572 
899 
1283 
599 
436 
310 
169-5 



Chloral hydrate. 
CCL. CHO. H,0 dissociates into CCLCHO + H 0». 



Temp. 


Equilibrimn-pressure 


Temp. 


Equilibrimn-pressure 


0° 


230 mm. 


8^-8 


772 mm. 


3-3 


375 „ 


9-1 


776 „ 


3-6 


400 „ 


9-5 


793 „ 


5 


481 „ 


10-1 


832 „ 


5-7 


530 „ 


11 


950 „ 


5-9 


545 „ 


11-5 


1015 „ 


6-6 


571 „ 


11-7 


1032 „ 


7-2 


595 „ 


12-9 


1245 „ 


7-6 


644 „ 


14-5 


1400 „ 


8 


671 „ 







BUTYLCHLORAL HYDRATE. 

C3H,Cl3.CH0. H,0 dissociates into C3H,Cl3CH0 + H,0^ 

Temp. Equilibrium-pressure 

16*'-8 18-3 mm. 

46 62-8 

65 125 

78-4 331 



» 



»> 



1 Weinhold, Pogg. 149. 220. 

2 Isambert, Compt rend, 86. 481. 

* Engel and Moitessier, Conipt. rend. M. 1075. 
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Phosphorus. 

When ordinary phosphorus is heated in a closed vessel it is 
partially changed into red phosphorus: for each temperature there 
is a maximum pressure exerted by the phosphorus vapour at which 
the change stops. 

The following numbers are taken from a paper by Troost and 
Hautefeuille* ; — 



Temperature 

360^ 

440 

487 

510 

531 

550 

577 



Eqailibriom-pressTire 
in atmospheres 

01 

1-75 

6-8 
10-8 
16 
31 
56 



Chlorine hydrate. 

01 5HgO, formed at a temperature less than 8^ dissociates on 
heating into chlorine and water*. 



Temp. 


Equilibrium-pressure 
mm. 


Temp. 


Equilibrium-pressure 
mm. 


0« 


230 


8^-8 


722 


3-3 


375 


91 


776 


3-6 


400 


9-5 


793 


50 


481 


10-1 


832 


5-7 


530 


11 


950 


5-9 


545 


11-5 


1015 


6-6 


571 


11-7 


1032 


7-2 


595 


12-9 


1245 


7-6 


644 


14-5 


1400 


8-0 


671 







JIydrated salts. 

Many hydrated salts lose water when heated in a closed vessel. 
When the presaure of the water-vapour evolved reaches a certain 



^ Ann, Chim. Phys, (6). 2. 145. 
* Isambert, Compt. rend, 86. 481. 
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amount, for a specified temperature, the process stops. The following 
numbers were obtained by G. Wiedemann*. 



Mga047H20 


ZnSOJHaO 


C0SO47H2O 


Temp. 


Equilibrinm- 
pressure 


Temp. 


Equilibrium- 
pressore 


Temp. 


Equilibrinm- 
pressure 


24"-3 


17-8 mm 


ir-6 


5*8 mm. 


13"-6 


9*8 mm. 


29-8 


26-5 „ 


16-5 


7-3 „ 


20 


13-4 „ 


35 


35-6 „ 


20-2 


10-1 „ 


22-1 


15-9 „ 


40-2 


46-3 „ 


22 


12-6 „ 


25-1 


17-3 „ 


45-4 


60-9 „ 


30 


20-3 „ 


26-2 


19-2 „ 


51-9 


81-9 „ 


34-5 


40-7 „ 


35 


35-6 „ 


61-2 


129-2 „ 


40 


54-9 „ 


40 


47-4 „ 


61-8 


132-5 „ 


45 


71-4 „ 


45 


62-3 „ 


70-2 


188-9 „ 


50 


92-9 „ 


50 


78-5 „ 






55 


117-5 „ 


55 


106 






60 


113-9 „ 


60 


133-4 „ 






66 


145-5 „ 


64-9 


165-8 „ 






70 


170-8 „ 


70 


207-2 „ 






75 . 


221-2 „ 


75 


252-6 „ 






78-8 


258-5 „ 


80 


306-4 „ 






85-5 


376-4 „ 


85 


377-4 „ 






88 


427 


90 


447-9 „ 



NiS047H20 


FeS047H20 


Temp. 


Equilibrium- 
pressure 


Temp. 


Equilibrium- 
pressure 


13°-6 


11 -2 mm. 


2r 


13-3 mm. 


20-2 


16-5 „ 


25-5 


16-9 , 




25 


19-3 „ 


29-9 


21-2 , 




30 


26-3 „ 


36-3 


30-1 , 




35 


36-4 „ 


40-4 


41-1 , 




40 


46-9 „ 


45 


551 , 




45-2 


60-1 „ 


50 


74-8 , 




50 


81-4 „ 


56-3 


109-1 , 




56 


108-2 „ 


59-9 


128-7 , 




60 


130-6 „ 


65 


163-4 , 




65 


163-8 „ 


70 


205-2 , 




70 


204-3 „ 


75 


263-9 , 




75 


249-6 „ 


80 


321-9 , 




80-1 


306-9 „ 


85 


397-7 , 




85-2 


368-5 „ 


90 


478-2 , 




90 


436-8 „ 


93-5 


548-9 , 





Fogg. Jubelbd. 474. 
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III. S(hcaUed ahnomud vapour densities. 

Formic acid. 

Experiments of Bineau^. Temperature and pressure varying. 
Density (air = 1) calculated for CH^O^, = 1 -59. B.P. = 101*. 



Temp. 


PresBnre 
nun. 


Density 


Temp. 


Pressnre 
mm. 


Density 


10^-5 


14-7 


3-23 


99*'-5 


684 


2-49 


11 


7-3 


3-02 


99-5 


690 


2-52 


12-5 


15-2 


3-14 


101 


650 


2-41 


15 


7-6 


2-93 


101 


693 


2-44 


15-5 


2-6 


2-86 


105 


630 


2-32 


16 


15-9 


3-13 


105 


650 


2-33 


18-5 


23-5 


3-23 


105 


691 


2-35 


20 


2-8 


2-80 


108 


687 


2-31 


20 


8 


2-85 


111 


608 


2-13 


20 


16-7 


2-94 


111-5 


690 


2-25 


22 


25-2 


3 05 


111-5 


690 


2-22 


24-5 


17-4 


2-86 


115 


655 


2-13 


29 


27-4 


2-83 


115-5 


640 


2-16 


30 


18-3 


2-76 


115-5 


649 


2-20 


30-5 


8-8 


2-69 


117-5 


688 


213 


31-5 


31 


2-60 


118 


650 


2-13 


34-5 


28-9 


2-77 


118 


655 


2-14 


99-5 


557 


2-34 


124-5 


640 


2-04 


99-5 


602 


2-40 


124-5 


670 


2-06 


99-5 


619 


2-41 


125-5 


645 


203 


99-5 


641 


2-42 


125-5 


687 


2-05 


99-5 


662 


2-44 


184 


750 


1-68 


99-5 


676 


2-46 


216 


690 


1-61 



^ Ann. Chim, Phys, (3). 18. 240. 
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Acetic acid. 
Density (air = 1) calculated for C,H,0, = 2-08. B.P. = 1 19' 

I. Pressure = 760 mm} 



Temp. 


Density 


Temp. 


Density 


Temp. 


Density 


124" 


3-20 


162" 


2-59 


250" 


2-08 


125 


3-20 


165 


2-65 


252 


2-09 


128-6 


3-08 


170 


2-48 


254-6 


2-14 


130 


3-11 


171 


2-42 


272 


2-09 


131-3 


3-08 


180 


2-44 


280 


2-08 


134-3 


3-11 


181-7 


2-47 


295 


2-08 


140 


2-90 


190 


2 35 


300 


2-08 


145 


2-75 


200 


2-24 


308 


2-08 


150 


2-75 


219 


2-15 


321 


2-08 


152 


2-72 


230 


209 


327 


2-08 


160 


2-48 


231 


211 


336 


2-08 


160-3 


2-65 


233-5 

240 


2-20 
209 


338 


2-08 



II. Pres8v/re va/ryin^. 



Temp. 


Pressure 
mm. 


Density 


Temp. 


Pressure 
mm. 


Density 


ll"-5 


3-76 


3-88 


22" 


8-64 


3-85 


12 


2-44 


3-80 


24 


5-75 


3-70 


12 


5-23 


3-92 


28 


10-03 


3-75 


19 


2-60 


3-66 


30 


6-03 


3-60 


19 


4-00 


3-75 


35 


1119 


3-64 


20 


5-56 


3-77 


36-5 


11-32 


3-62 


20 


8-55 


3-88 


129 


633 


2-88 


20-5 


10-03 


3-95 


n30 


30-6 


2-10' 


21 


4-06 


3-72 


n30 


59-7 


2-12« 


22 


2-70 


3-56 


132 


757 


2-86 



^ Cahours, Compt. rend, 20. 51. Horstmann, Annalen, Supplbd. 6. 63. 

' Bineau, AnndUn. 60. 160. 

3 Observation by Troost, CompU rend, 86. 1395. 
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Acetic acid. 
Experiments by Naunwm/n^, Temperature and Pressure varying. 



Temp. 78° 


Temp 


.1000 


Temi 


). 1100 


Pressure 
(mm.) 


Density 


Pressure 


Density 


Pressure 


Density 


164 


3-41 


393-5 


3-44 


411 


3-31 


149 


3-34 


342-3 


3-37 


359-3 


3-22 


137 


3-26 


258 


3-17 


197 


2-91 


113 


3-25 


232 


312 


166-5 


2-81 


80 


3-06 


186 


3-06 


138-5 


2-78 


06 


3-04 


168 


3-01 


98-5 


2-61 






156 


2-98 


84 


2-49 






130 


2-94 










92 


2-76 










77-7 


2-66 







Temp 


►. 1200 


Temp 


>. 1300 


Temp 


.1400 


Pressure 


Density 


Pressure 


Density 


Pressure 


Density 


432 


3-14 


455 


2-97 


477 


2-82 


377-5 


3-06 


398-5 > 


2-89 


417-5 


2-75 


252 


2-94 


274 


2-68 


287-5 


2-54 


209 


2-75 


221 


2-61 


232 


2-50 


180 


2-61 


201 


2-56 


199 


2-40 


149 


2-60 


188 


2-50 


168-2 


2-32 


106 


2-46 


157-5 


2-47 


117-3 


2-27 


89-5 


2-37 


112-5 
93 


2-34 
2-32 


98 


2-24 



Temp 


>. 1500 


Temp. 1600 


Temp 


.1850 


Pressure 


Density 


Pressure 


Density 


Pressure 


Density 


498-5 


2-68 


253 


2-31 


565 


2-36 


436-5 


2-63 


129-2 


2-11 


495 


2-31 


300 


2-44 






382 


2-25 


243 


2-40 






335 


2-23 


208-2 


2-29 






269 


2-22 


175 


2-26 






230 


2-14 


103 


2-16 






191-5 
110-5 


2-13 
2-11 



^ Annalen. 155. 325. 
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BUTYBIC ACID. 

Experiments of CahoursK Pressure = 7 60 mm. 
Density (air= 1) calculated for C^H„0, = 304. B.P. = 157". 



Temp. 


Density 


Temp. 


Density 


177" 
208 
228 
249 


3-68 

3-44 

'3-22 

3-10 


261" 
290 
310 
330 


3-07 
3-07 
3-07 
3-07 



Ethylic oxide. 
Experiments of Horstmami', Temperature and Pressure varying. 
Density (air = 1) calculated for (CJIXO = 2-56. B.P. = 35". 



Temp. 


Pressure 
(mm.) 


Density 


Temp. 


Pressure 


Density 


39"-7 


763 


2-65 


93"-l 


762-4 


2-60 


46-1 


764-5 


2-67 


102-8 


756-2 


2-60 


52-2 


740-5 


2-64 


115-3 


755-8 


2-58 


53-7 


745 


2-65 


130-6 


756-7 


2-58 


66-1 


754-3 


2-65 


132-6 


742-5 


2-57 


8M 


762-6 


2-61 


204-5 


7571 


2-57 



Water*. 
Density (air = 1) calculated for H^^O = 0-622. 



Temp. 


Pressure 


Density 


108"-8 
129-1 
175-4 
200-2 


752-7 
740-3 
764-1 
755-9 


0-653 
0-633 
0-625 
0-626 



1 Compt, rend, 20. 51. 

^. Horstmann, Annalen. Supplbd. 6. 63. 



i 
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Ethereal salts. 
Temperature and Pressure varying. Experiments of Schoop\ 

I. Methyl formaie. 
Density (air = 1) calculated for HCO.CH, = 2 0783. B.P. = 3^-5. 



Temp. 
Pressure (mm.) 


-00-4 

Density 


• 

Temp. 340 
Pressure Density 


170-4 


2-0708 


722 
440-5 
315-5 
247-2 


2-0980 
20737 
2-0567 
2-0458 



Temp. 
Pressure 


640-4 

Density 


Tern 
Pressure 


p. 990-4 

Density 


801-2 
485-5 
348-9 
2721 


2-0759 
2-0638 
2-0493 
2-0373 


887 
538-3 
385-8 
300-4 


2-0650 
2 0546 
2-0436 
2-0382 



11. Ethyl formate. 
Density (air = 1) calculated for HCO^C.H^ = 2-5632. B.P. = U\ 



Tem] 
Pressure 


Density 


Tern 
Pressure 


ip. 460-3 

Density 


• 


174-7 
235-2 
328 


2-5613 
2-5839 
2-5998 


181-2 
245-6 
340-8 
524 


2-5599 
2-5694 
2-5938 
2-6207 





Temp. 


660-7 


Temp. 990-6 


Pressure 


Density 


Pressure 


Density 


887-9 


2-6391 


1004-4 


2-6144 


599-3 


2-6071 


660-3 


2-5764 


361-4 


2-5910 


400-5 


2-570 


260-4 


2-5682 


287 


2-5567 


192 


2-5588 


212 


2-5477 



red. Ann. 1^. 550. 
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III. Methyl acetate. 
Density (air = 1) calculated for CH3C0,CH3= 2 -5632. B.P. = 53''-5. 



Temp. 
Pressure 


340-8 

Density 


297-4 
233-8 
173-6 


2-5885 
2-5729 
2-5543 



Temp. 460-6 



Pressure 



338-7 

244-8 
180-4 



Density 



2-5882 
2-5591 
2-5495 



Temp. 


650-3 


Temp. 990-6 


Pressure 


Density 


Pressure 


Density 


593-1 


2-5997 


980 


2-6079 


359-8 


2-5817 


656 


2-5810 


257-5 


2-5596 


399-3 


2-5612 


191-6 


2-5467 


285 


2-5490 






211-3 


2-5207 



IV. Propi/l formate. 

Density (air = 1) calculated for KGOjO^U^ = 3-0481. B.P. = 83' 

Temp. 34°-7. Pressure 121-8 mm. Density 3-2267. 



Temp. 


650-3 


Temp. 800*2 


Pressure 


Density 


Pressure 


Density 


152-2 


2-9820 


157-7 


2-9812 


206-1 


2-9902 


215-4 


2-9859 


287-2 


3-0144 


301 


3-0017 


403-2 


3-0478 


494-1 


3-0487 






700-1 


3-0597 



Temp. 990-4 



Pressure 



1076-1 
780-4 
521-6 
317-6 

2-28-8 
168-9 



Density 



3-0675- 

3-0336 

3-0219 

2-9948 

2-9665 

3^9596 



Temp. 1280 



Pressure 



116-8 

842 

564-1 

343-5 

244-3 

181-7 



Density 



3-0598 
3-0262 
3-0048 
2-9829 
2-9726 
2-9700 



tht, 
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iMtmtj (zir=\) eaiknlMUd ffjt CHJCOjCfl^ = 3-Wj*1. RP. - 77 
Tfunfiu Zy, Fremure l^-^ mm. Denatr 3-0606. 



Vretmsn Tkauitj 



118-2 

279-4 
454-7 



3-0521 
3-0752 
3-1008 
31438 



706-7 
474-4 
289-1 
208-3 
154 



31776 
31365 
3^93 
3-0800 
3-0557 



Temp. 99»'4 


Temp. 128» 


Premrare Density 

1 
J 


Pressme 


Density 


1074-3 31722 


1076-1 


31335 


759-4 


3-1226 


818-1 


3-1196 


503-7 


3-1136 


546-3 


3-0892 


306-9 


3-0825 


331 


3-0850 


220-5 


3-0656 


237-5 


3-0626 


163-3 


3-0491 


174-6 


30379 



VI. Methyl propionate, 
T)«nHity (air = 1) calculated for C^H.CO.CH, = 30481. B.P. = 78^-7. 



Temp. 


640'9 


Temp. 780-96 


ProHHuro 


Density 


Pressure 


Density 


1132 


3-0364 


118 


3-0377 


153 


30523 


159-1 


3-0466 


2n'8 


3-0859 


221 


3-0768 


3I8'1 


3-1136 


365 


3 0924 






549-8 


3-1090 



Temp. 


l)0"-8 


Temp. 1270-8 


ProHHuro 


Density 
3-1103 


Pressure 


Density 


77()7 


817-8 


3-0951 


579-5 


3-1026 


624-7 


3-0894 


387-2 


3 0812 


417-7 


3-0853 


234-3 


3-0646 


251-2 


3-0695 


168-6 


3-0431 


180-3 


30539 


»:?4-5 


3-0242 


132-3 


3054 1 
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Bromine and chlorine\ 



Temp, above 
B.P. 

60 

80 
100 
120 
140 
160 



I. Bromine. 



Density 

5-7115 
5-6809 
5-6503 
5-6197 
5-5891 
5-5585 
5-5279 



Deviation (in per 

cents) from 

normal density 

3-381 

2-827 • 

2-273 ' 

1-719 • 

1165 • 

0-612 • 

0-058 • 



Differences 



•554 
•554 
-554 
-554 
•553 
•554 



II. Chlorine, 



40« 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 



2-4844 
2-4810 
2-4776 
2-4742 
2-4708 
2-4674 
2-4641 
2-4606 
2-4572 
2-4538 
2-4504 



1-397 
1261 
M22 
0-984 
0-845 
706 
0-571 
0-429 
0-290 
0102 
000 



-136 
-139 
•1:58 
•139 
-139 
•135 
•142 
•139 
•188 



1 Jahns, Ber, 16. 1238. 
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V. Ethyl acetate. 
Density (air = 1) calculated for CH3C0^C,H, = 3-0481 . B.P. = IT. 
Temp. 35^ Pressure 128*8 mm. Density 3-0606. 



Temp. 650-1 


Temp. 790-6 




Pressure 


Density 


Pressure 


Density 




148-2 


3-0521 


706-7 


3-1776 




199-8 


3-0752 


474-4 


31365 




279-4 


3-1008 


289-1 


3-0993 




454-7 


3-1438 


208-3 
154 


3-0800 
3-0557 




Temp. 99<>-4 


Temp. 1280 




Pressure 


Density 


Pressure 


Density 




1074-3 


3-1722 


1076-1 


3-1335 




759-4 


3-1226 


818-1 


3-1196 




503-7 


3-1136 


546-3 


3-0892 




306-9 


3-0825 


331 


3-0850 




220-5 


3-0656 


237-5 


3-0626 




163-3 


3-0491 


174-6 


3-0379 




VI. Methyl p 


ropionate. 




Density (air= 1) calculated for C^ 


H,C0,CH3 = 3-0481. B.P.= 


78^-7. 


Temp. 640-9 


Temp. 780-96 




Pressure 


Density 


Pressure 


Density 




113-2 


3-0364 


118 


3-0377 




153 


30523 


159-1 


3-0466 




211-8 


3-0859 


221 


3-0768 




348-1 


31136 


365 
549-8 


30924 
3-1090 




Temp. 990-3 


Temp. 1270-8 




Pressure 


Density 


Pressure 


Density 




776-7 


3-1103 


817-8 


30951 




579-5 


3-1026 


624-7 


3-0894 




387-2 


3 0812 


417-7 


3-0853 




234-3 


3-0646 


251-2 


3-0695 




168-6 


3-0431 


180-3 


3-0539 




124-5 


3-0242 


132-3 


3054 1 
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Bromine and chlorine\ 



Temp, above 
B.P. 

60 

80 
100 
120 
140 
160 



I. Bromine, 



Density 

5-7115 
5-6809 
5-6503 
5-6197 
5-5891 
5-5585 
5-5279 



Deviation (in per 

cents) from 

normal density 

3-381 

2-827 • 

2-273 ' 

1-719 • 

1-165 • 

0-612 • 

0-058 • 



Differences 



•554 
•554 
•554 
•554 
•553 
-554 



II. Chlorine, 



W 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 



2-4844 
2-4810 
2-4776 
2-4742 
2-4708 
2-4674 
2^4641 
2^4606 
2^4572 
2^4538 
2-4504 



1^397 
1-261 
1122 
0-984 
0-845 
0706 
0-571 
0-429 
0-290 
0-102 
000 



•136 
-139 
•138 
•139 
•139 
•135 
•142 
•139 
•188 



1 Jahns, Ber, 16. 1238. 
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HEATS OF SOLUTION, DILUTION AND HYDRATION. 



I. Values determined hy Thomsen}, 
Heats op solution and dilution op acids. 



[S0*H2, mB^O] 




[NO»H, m 


H«0] 






Calculated 






Calculated 






according to 






according to 


m» 


Besults of 


the formula 


tlL 


Besults of 


the formula 




experiment 


n X 17,860 
w + 1-7983 




experiment 


m X 8,974 
w+ 1-737 


1 


6,379 


6,382 


0*5 


2,005 


2,008 


2 


9,418 


9,404 


1 


3,285 


3,285 


3 


11,137 


11,167 


1-5 


4,160 


4,160 


4 




12,320 


2 




4,808 


5 


13,108 


13,135 


2-5 


5,276 


5,301 


9 


14,952 


14,8.86 


3 


5,710 


5,690 


19 


16,256 


16,315 


4 




6,266 


49 


16,684 




5 


6,665 


6,668 


99 


16,858 




10 


7,318 




199 


17,065 




20 


7,458 




399 


17,313 




40 


7,436 




799 


17,641 




80 


7,421 




1,599 


17,857 


17,840 


100 


7,439 






S0^ H*0 

;2so^ H*o; 


= 21,320 
= 24,020 


160 
320 


7,450 
7,493 





Thermochemische Untersuchungen, 3. 34—39 ; 179—180 ; and 193 — 204. 
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m 


[OaH*0«, mB.H)] 


[CH20», inHH)] 


m 


[HSPO*, mH«0] 


0-5 


-130 


+ 124 


1 


1,741 


1 


-152 


+ 172 


3 


3,298 


1-5 


-165 




9 


4,609 


2 


-156 


+ 167 


20 


4,938 


4 


-111 




50 


5,169 


8 


- 2 




100 


5,269 


20 


+ 173 




200 


5,355 


50 


+ 278 


+ 126 






100 


+ 335 


+ 148 






200 


+ 375 


+ 149 







These values all refer to the acids as liquid bodies. They hold 
good therefore for fused sulphuric acid and orthophosphoric acid. 
On the other hand, the following values are valid for crystallised 
tartaric acid : 



m= 


6 


20 


50 


100 


200 


400 


[C*HW, 
mH»0] 


- 3,240 


- 3,307 


- 3,452 


-3,516 


- 3,566 

• 


- 3,600 



Heats op solution op hydrochloric, hydrobromic, and hydri- 
ODic acid, in various quantities op water. 



m 


[HCl, mW^O] 


[HBr, wiH^O] 


[HI, mH20] 


2 


11,365 


(13,860) 


(12,540) 


3 


13,362 


15,910 


14,810 


5 


14,959 


17,620 


17,380 


6 




18,250 




10 


16,157 


19,100 


18,580 


20 


16,756 


19,470 


18,990 


50 


17,115 


19,820 


19,140 


100 


17,235 


19,910 


19,180 


300 


17,315 






500 


— 


19,940 


19,210 



M. T. a 



Yh 
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Heats op dilution op solutions op potassium 

AND sodium hydroxides. 



m + 3 



[KOH . SHH), mH«0] [NaOH . 3H«0, mWO] 



5 


1,496 


7 


2,095 


9 


2,364 


20 


2,678 


25 




50 


2,738 


100 


2,748 


200 


2,751 



2,131 
2,889 
3,093 
3,283 
3,263 
3,113 
3,000 
2,940 

For a solution of ammonia, NH3+3*2H'0, the thermal values of 
dilution, up to 15, 25, and 50 formula- weights of water, amount to 
324, 350, and 380 respectively. 

Heats op dilution op solutions op salts. 

The numbers in the following tables give the development of heat 
on dilution of a solution of the salt containing n formula-weights of 
water by m formula-weights of water, and therefore correspond to the 
formula 

[Q.7iH'0, mH»0], 

supposing Q to denote 'the formula-weight, or double the formula- 
weight, as the case may be, of the dissolved dehydrated salt. 
Lo denotes the heat of solution of the dehydrated salt for c formula- 
weights of water. 

N^itrates. 



g 


O (N 




o<=> 


o*S 




to 

Oo 


0*0 


^- 


+ 




f 


5 " 


|! 




1^ 






6 




- 668 














10 




- 1,282 

















12 



















474 


15 










262 


934 


913 


744 


20 




- 2,492 







412 


1,294 


1,148 


940 


40 




- 3,578 















50 


- 2,262 




-1,263 




404 


1,528 


1,203 


904 


100 


- 3,288 


- 4,584 


-1,944 


-1,227 


364 


1,541 


1,111 


776 


200 


- 3,860 


- 5,018 


-2,366 


-1,984 


370 


1,573 


1,071 


729 


400 


- 4,192 
-10,060 


- 5,228 


-2,515 


-2,501 


421 


1,648 






-12,640 


-4,620 


\-T,^\0 


Wo^^N* 


V ^%\>»s« 


^Vi«S*iye 


^positiTe 
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Sulphates, 



n+m 


NajSO. 


NjftSO, 


MgS04i 


MnSO^ 


ZnSO. 


CuSO. 


n=50 


n=10 


n=20 


nr=20 


n=20 


n=60 


20 

















30 




- 263 






— 




50 





- 437 


+ 279 


+ 532 


+ 318 




60 










—— 





100 


- 665 


- 632 


+ 324 


+ 714 


+ 377 


+ 41 


200 


-1,132 


- 750 


+ 393 


+ 792 


+ 390 


+ 116 


400 


- 1,383 












800 


- 1,483 












1-400 


+ 460 


- 2,370 


+ 20,280 


+ 13,790 


+ 18,430 


+ 15,800 



Bisulphates, 



Carbonates, 





KHSO4 


NaHS04 


NH4HSO4 


K^COg 


NajCOj 


NH4HCO8 


n+Tii 


n=20 


n=10 


n=10 


n = 10 


n = 30 


n=40 


20 




• 

+ 436 










50 


- 64 


+ 520 


+ 486 


- 122 


- 556 


-176 


100 


- 30 


+ 558 


+ 594 


- 406 


-1,190 


-288 


200 


+ 108 


+ 702 


+ 788 


- 598 


- 1,601 


-384 


400 


+ 382 


+ 969 


+ 1,048 


- 749 






800 


+ 766 


+ 1,189 


+ 1,366 








^m 


- 3,800 


+ 1,190 


- 20 


+ 6,490 


+ 5,640 


negative 



Acetates. 



Tartrate, 





2(K02H302) 


2(NaC5H302) 


2(NH4.C2H302) 


ZniC^Rfi^)^ 


(NH4)AH40e 


Jl'j'Tnr 


n=10 


n=20 


71 = 4 


71=60 


71 = 21 


10 







1,088 






20 


1,580 





1,800 






30 






— 




- 296 


50 


2,472 


664 


2,544 





- 648 


100 


2,786 


832 


2,988 


1,189 


-1,014 


200 


2,998 


936 


3,250 


2,248 


- 1,242 


400 


3,144 




3,432 


3,134 


- 1,358 


1-400 


+ 6,680 


+ 7,740 


positive 


positive 


negative 



But Bee Pickering, C. 8. Journal, Trans, for 1888. 100. 
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Chloridea, 



n + m 


Na,Cla 
71=20 


(NHJaCl, 
71 = 20 


CaCLj 

71 = 10 


MgCl, 
n = 10 


ZnCL 
n=5 


NiCla 
n=20 


10 
20 
30 








1,639 


2,307 


1,849 
3,152 





50 
100 
200 
400 


-1,056 
-1,310 
-1,410 


- 174 

- 242 

- 258 

- 258 


2,225 
2,355 
2,515 


3,242 
3,526 
3,761 


5,317 
6,809 
7,632 
8,020 


1,068 
1,380 
1,584 
1,697 


c 


-2,360 
200 


-7,760 
200 


+17,410 
300 


+35,920 
800 


+15,630 
300 


+19,170 
400 



CuCla 

71 = 10 



1,606 
2,430 
3,308 
4,052 
4,510 



+11,080 
600 



A solution of NagIg+20HgO, on dilution up to 40, 100, and 200 
formula-weights of water, yields -914, -1,740, and- 2,058 thermal 
units respectively. 



Heats op hydration and solution op salts. 

The following table contains the heat of solution of the dehydrated 
salt, that of the hydrated salt, and the difference between these, 
which is the heat of hydration. Further, the last column shows the 
distribution of the heat of hydration among the different formula- 
weights of water taken up. Thus, with reference to MnSO^, the 
numbers given in the last column mean that of the total heat of 
hydration (13,750) 5,990 units are evolved on the addition of the first 
formula-weight of water, 1,600 on the addition of the second, 1,980 
on the addition of each of the third and fourth, and 2,200 on the 
addition of the last, formula- weight of water which combines with the 
salt. 

The values are valid for a temperature of about 18®C. The heat 
of hydration increases with the temperature ; thus for MgS0^7H20 
the increase is 57 units for each increase of 1"0. 
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Heat of solution 


OQ 






Formula of 

the dehydrated 

Bait 


of the de- 


of the 


of mol( 
er taken 


Heat of 
bydration 


Distribution of the heat 

of hydration among the 

different molecules 




hydrated 


hydrated 


Number 
of wati 




of water 




salt 


salt 






Na^P.O, 


11,850 


-11,670 


10 


23,520 


10x2,352 


Na,HPO, 


5,640 


- 22,830 


12 


28,470 


2x3,015 + 10x2,244 


Na,SO, 


460 


- 18,760 


10 


19,220 


1x2,360 + 9x1,878 


9 T 

Na.C03 


5,640 


- 16,160 


10 


21,800| 


1x3,382 + 1x2,234 
+ 6x2,109 + 2x1,764 


K.CO3 


6,940 


- 380 


3 

-2 


6,870 
( 


Jx4,420 + 1x4,660 
1x6,980 + 1x2,300 


MgSO, 


20,280 


- 3,800 


7 


24,080-^ + 2 X 3,400 + 2 x 2,170 
( + 1 X 3,660 


MnSO, 


13,790 


+ 40 


5 


13,750| 
( 


1x5,990+1x1,600 
+ 2x1,980 + 1x2,200 
1x8,484 + 2x2,346 


ZnSO, 


18,430 


- 4,260 


7 


22,690^ 


+ 1x1,745 + 2x2,178 
+ 1x3,417 


CuSO, 


15,800 


- 2,750 


5 


18,550J 


1x6,460 + 2x3,250 
+ 1x2,180 + 1x3,410 


OdSO, 


10,740 


+ 2,660 


8 


8,080 


1x4,690 + ^x2,034 


K,Mg(SO,), 


10,600 


- 10,020 


6 


20,620| 


2x4,930 + 2x2,950 
+ 2 X 2,430 


K.Zn(SOJ, 


7,910 


-11,900 


6 


19,810| 


2x3,731 + 2x2,728 
+ 2x3,445 


K.Cu(SO,), 


9,400 


-13,570 


6 


22,970 1 


2x5,303 + 2x2,993 
+ 2x3,186 


K,Mn{SOJ, 


6,380 


- 6,430 


4 


12,810 


2x4,648 + 2x1,760 


NaPtCl, 


8,540 


- 10,630 


6 


19,170 


2x4,320 + 2x2,540 
+ 2x2,725 


SrCl. 


11,140 


- 7,500 


6 


18,640| 


1x5,260 + 1x3,800 
+ 2x2,460 + 2x2,330 


SrBr, 


16,110 


- 7,220 


6 


23,330| 


1x6,150 + 1x3,800 
+ 3x3,120 + 1x4,120 


BaCl, 


2,070 


- 4,930 


2 


7,000 


1x3,170 + 1x3,830 


CaCl, 


17,410 


- 4,340 


6 


21,750 


7,440(2) + 14,310(4) 


MgCl. 


35,920 


+ 2,950 


6 


32,970- 


20,940(3) + 2x4,370 
+ 1x3,290 
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Heats of solution of all the bodies investigated bt Thomsbn. 

The materials fall into four gronps ; the first three of these relate 
to non-metals, and contain respectively, the heats of solution of 
gaseous bodies, the heats of solution of liquid bodies, and the heats of 
solution of solid compounds ; the fourth contains the heats of solution 
of the oxides, hydroxides or hydrated oxides, and salts, of metals. 

The tables shew, first, the formula of the compound, and next the 
quantity of water in the liquid that results from the solution. The 
quantity of water used for dissolving a hydrated salt is accordingly 
smaller, by the amount of water in the salt, than the quantity given 
in the table. When e.g. the table gives the heat of solution of 
Na^SO^. lOHjO in 400 formula-weights of water as equal to - 18,760, 
this value represents the heat of solution of one formula- weight of the 
salt, which contains 10 formula- weights of water, in 390 formula- 
weights of water. For hydrated salts the composition of which was 
checked analytically the number of formula-weights of water found 
is given in a special column. 

With the exception of the chlorine compounds of silicon, titanium, 
antimony, bismuth, and tellurium, all the bodies contained in the 
tables dissolve completely in water. The decomposition by water of 
the chlorides of the five elements just mentioned is partial 



Compounds of Non-Metals, 
a. Gaseous bodies. 



Sabstance 
(gaseous) 


Formula 


Formula-weights 

of w&ter ra the 

solution 


Heat of solution 
for one formula- 
weight of the 
body 


Hydrochloric acid 


HCl 


300 


17,315 


Hydrobromic acid 


HBr 


400 


19,940 


Hydriodic acid 


HI 


500 


19,210 


Water vapour at 18° 


H,0 




10,430 


Sulphydric acid 


H3N 


900 


4,560 


Ammonia 


200 


8,430 


Hypochlorous anhydride 


C1,0 


800 


9,440 


Nitrogen tetroxide 


NO, 


300 


7,755 


Sulphur dioxide 


SO, 


250 


7,700 


Carbon dioxide 


CO, 


1,500 


5,880 


Carbon oxychloride 


COCl 




57,970 


Carbon oxysulphide 


COS 




6,750 
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h. Liquid bodies. 


Substance 
(liquid) 


Foimnla 


Formula- weights 

of water in the 

solution 


Heat of solution 
for one formula- 
weight of the 
body 


Bromine 


Br, 


600 


1,080 


Sulphur dioxide (liquefied) 


SO 


300 


1,500 


Sulphur trioxide 


SO3 


1,600 


39,170 


PjTTOSulphuric acid 


SAH, 


1,600 


54,320 


Sulphuric acid 


SO,H, 


1,600 


17,850 


Sulphuric acid hydrate 


S0,H,.H30 


1,600 


11,470 


Sulphuryl chloride 


SO.Cl, 


800 


62,900 


Nitric acid 


N03H 


300 


7,480 


Phosphoric acid 


POA 


120 


5,210 


Phosphorous acid 


P03H3 


120 


2,940 


Hypophosphorous acid 


POA 


200 


2,140 


Phosphorus tiichloride 


PC13 


1,000 


65,140 


Phosphorus oxy chloride 


POC13 


1,100 


72,190 


Arsenic trichloride 


ARC13 


900 


17,580 


Antimony pentachloride 


SbCl, 


1,100 


35,200 


Silicou tetrachloride 


SiCl, 


3,000 


69,260 


Titanic chloride 


TiCl, 


1,600 


57,870 


Stannic chloride 


SnCl, 


300 


29,920 


Formic acid 


CH^O, 


200 


150 


Acetic acid 


CAO, 


200 


375 


c. Solid compounds of non-metals. 


Substance 


Formula 


Formula-weights 
of water in the 


Heat of solution 
for one formula^ 


(solid) 




solution 


weight of the 








body 


Iodine pentoxide 


1,0, 




- 1,790 


Iodic acid 


1O3H 


200 


- 2,170 


Periodic acid 


IO,H, 


550 


- 1,380 


Phosphoric acid 


POA 


120 


+ 2,690 


Phosphorous acid 


PO3H3 


120 


130 


Hypophosphorous acid 


POA 


200 


170 


Phosphoric anhydride 


P.O. 


550 


+ 35,600 


Arsenic pentoxide 


As,0. 




+ 6,000 


Arsenic acid 


AsO^H, 


230 


400 


Arsenious oxide 


4 

A8.O3 




- 7,550 


Selenion dioxide 


seb; 


200 


920 


Oxalic acid 




CAH, 




300 




I, - *I,^^Qi 
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Oxalio acid (ciTat.) 


0,O.H,.2H,0 


530 


- 8,590 


Boric acid (cryat.) 


b,6 3H,6 


800 


- 10,790 


PhoaphoruB pentachloride 


Sbct 


1,800 


+ 123,440 


Antimony trichloride 


— 


+ 8,910 


Biamuth trichloride 


BiCl, 




+ 7,830 


Selenion tetrachloride 


SeCl. 


1,600 


+ 30,370 


Tellurinm tetrachloride 


TeCl. 


1,200 


+ 20,340 


AjnmODium chloride 


NH.Ol 


200 


- 3,880 


„ bromide 


NH,Bi- 


200 


- 4,380 


iodide 


NH.I 


200 


- 3,550 


„ nitrate 


NH.SO. 


200 


- 6,320 


aulphate 


(Nlij^O. 


400 


- 2,370 


„ biaulphate 


NH..SO.H 


200 


20 


Hydroxylamine chloride 


NHO.HCl 


200 


- 3,660 


„ sulphate 


(NH.6)H,S0. 


660 


960 


Sulphur triethiodide 


267 


- 5,750 




C.HO 


400 


- 3,600 


Citric acid 


CX0,.H,0 


600 
400 


- 4,100 

- 6,430 


Aconitie acid 


O.HA 


30O 


- 4,180 



Oxidea, hydroxides, and salts, of the metals. 







Fonnula- 
woighta o( 


Heat of solu- 


Potmnla- 
weighte of 


Metals 


Formolft 


tion at atout 








wBtar in the 


18" C. 


cording to 
analysis 




KCl 


200 


- 4,440 






KBr 


200 


- 5,080 






KI 


200 


- 5,110 






KON 


175 


- 3,010 






KOH 


250 


+ 13,290 






KNO, 


200 


- 8,520 






KCIO, 


400 


- 10,040 






KBrO, 


200 


- 9,760 






KIO, 


flOO 


- 6,780 






K.CO, 


400 


+ 6,490 




Potas§ium ■ 


K,C0,4H,0 


400 


+ 4,280 


0-507 




K,CO^. f H O 


400 


- 380 


1-550 




K,80, 


400 


- 6,380 






KH80. 


200 


- 3,800 






K.8,0, 


500 


-13,010 






K.S„0, 


500 


- 12,460 






K.S,0, 


500 


- 13,150 








400 


- 16,700 






1,000 


- 20,780 






K,C,0,.H,0 


800 


- 7,410 






KCH,0, 


\ IWl 


\ + X,^'k^ 


\ 
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Sodium 



Lithium 



Barium 



{ 



vi 



NaCl 

NaBr 

NaBr.2H,0 

Nal 

NaI.2H,0 

NaOH 

NaNOg 

Na,C03 

Na,C03.Hp 

Na,C03.2H,0 

Na,CO3.10H,O 

Na^SO, 

Na^SO,. H,0 

Na,SO,.10H,O 

NaHSO, 

Na^O. 

Na,S,0,.2H,0 

Na,S,0,.5H,0 

Na^HPO, 

Na,HP0,.2H,0 

Na,HP0,.12H,0 

Na,NH,P0,.4H,0 

Na,PA 
Na,PA.10H,O 

Na^B^O^.lOHp 

NaC,H30,.3H,0 

NaC,H30, 

LiOl 
LiN03 
Li,SO, 
Li,SO,.H,0 

BaCL 

BaCl,.2H,0 

BaBr, 

BaBr,.2H,0 

BaI,.7H,0 

BaO 

BaO^H, 

BaO,H^.8H,0 

BaN.O, 

BaCl,0,.H,0 

BaS,0,.2H,0 

BaSO. 

Ba(P6H)..H,0 

Ba(C,H,.S0J,.2H,0 



100 
200 
300 
200 
300 
200 
200 
400 
400 
400' 
400 
400 

400 

400 
400 
200 
400 
400 
400 
400 
400 
400 
800 
800 
800 
1,600 
400 
200 

230 

100 
200 
400 

400 
400 
400 
400 
500 



400 
400 
600 
400 

800 
800 
800 



- 1,180 

- 190 

- 4,710 
+ 1,220 

- 4,010 
+ 9,940 

- 5,030 
+ 5,640 
+ 2,250 
+ 20 
-16,160 
+ 460 

+ 170 i 

- 1,900 
- 18,760 
+ 1,190 

- 5,370 
-11,650 
-11,370 
+ 5,640 

- 390 

- 22,830 
- 10,750 
+ 11,850 
-11,670 

- 25,860 

- 4,810 
+ 3,870 

+ 8,440 

+ 300 

+ 6,050 

+ 3,410 

+ 2,070 

- 4,930 
+ 4,980 

- 4,130 

- 6,850 
+ 34,520 
+ 12,260 
-15,210 

- 9,400 
-11,240 

- 6,930 

- 5,580 
+ 290 

- 4,970 

- 1,150 



Melted after ex- 
posure to the 
atmosphere 

10-00 

09 
213 



12-09 



10-27 



1-10 



2-00 
7-17 



7-98 



2 00 
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SrCl, 


400 


^ 


11,140 




Sr01.6H,0 


400 


_ 


7,500 




SrBp, 


400 


+ 


16,110 




SrBr.6H,0 


400 


_ 


7,220 


Strontiam 


StO 


— 


+ 


29,340 




SrOH 




+ 


11,640 




SrO,H,.8H,0 





_ 


14,640 




SrN.O, 


400 


_ 


4,620 




SrN,0..4H,0 


400 


_ 


12,300 




Si-S,0,.4H,0 


400 


- 


9,250 




CaCl, 


300 


+ 


17,410 




CaCl,.6H.O 


400 


_ 


4,340 




CBr, 


400 


+ 


34,510 




CaBr,.6H 


400 


_ 


10,190 




CI, 


4O0 


+ 


27,690 


Calcium 


0»0 


2,500 


+ 


18,330 




CaOK 

ctr.o. 


2,500 




2,790 




400 


+ 


3,950 




CaN0,.4Hp 


400 




7,250 




CaS,0,.4H0 


400 


_ 


7,970 




CaSO. 


— 


+ 


4,440 




CaS0,.2H,0 


— 


- 


300 




MgOl, 


800 


+ 


35,920 




MgCl,.6H,0 


400 


+ 


2,950 




MgO.H, 












MgN,0,.6H,0 


400 


_ 


4,220 


Magnedum 


MgS,0,.6H,0 
MgSO. 


400 
400 


; 


2,960 
20,280 




MgS0..HO 


400 


+ 


13,300 




MgS0..7H,0 


400 


— 


3,800 




IC,Mg(S0.),.6H,0 


600 


_ 


10,020 




K.Mg(SO.), 


600 


+ 


10,600 


Berylliiun 


B«S0..6H,0 


600 


f 


1,B50 


Aluminium J 


Al.Ol, 


2,600 


+- 


153,690 


K,A1,(S0,)..24H,0 


2,400 


~ 


20,240 


Cerium 


Ce,(aO.)..44H,0 


1,200 


+ 


16,130 


Yttiium 


Y,(SOJ.. 8H,0 


1,300 


+ 


10,680 


Didymium 


I>i,(S0.),.8H,0 


1,200 


+ 


6,320 


Lanthanum 


La,(S0.),.8H,0 





+ 


4,000) 


Erbium 


Er,(C,H.0,),.8H,0 


3,000 


+ 


1,360 


Chroniiuni 


K,Cr(SOJ,.24HO 


1,600 


_ 


23,300 




K,O,0, 


400 


- 


16,700 
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ZnCI, 


300 


ZDBt, 


400 


Znl. 


400 


Znfr,0,.6H,0 


400 


ZnS,0.6H,0 


400 


ZnSO. 


400 


ZnSO..H,0 


400 


ZnS0..7H,0 


400 


K,Zn(SO,), 


600 


K,Zn(S0,),.6H,O 


600 


OdOl. 


400 


C<iCl,.2H,0 


400 


CdBr, 


400 


CdBr. 4H O 


600 


Cdl, 


400 


CdSO. 


400 


OdSO.HO 


400 


Cdso..|a,o 


400 


CdN.O.H.O 


400 


CdN,0,.4a,0 


400 


MnOl, 


3S0 


MnCl,.4H0 


400 


MnSO. 


400 


M11SO..H.O 


400 


M11SO..5B.O 


400 


MiiS,0..6H,0 


400 


MnN,0,. 6H 


400 


K,Mn.O, 


1,000 


K,Mb(SOJ, 


600 


k;,M,i(S0J..4H,0 


600 


FeCl, 


350 


FeCl,. 4H,0 

Fed, 

Feao..7H,0 


400 


2,000 


400 


CoCl, 


400 


CoCl,.6H,0 
CoS0..7l},0 


400 
800 


CoN,6,.6a,0 


400 


NiCl, 


400 


NiCl,.6H,0 


400 


NiSO,.THO 


800 


NiS,0,.6H,0 


400 


NiN,0,.6H,0 


400 



h 15,630 
f 15,030 
f 11,310 

- 6,840 

- 2,420 
f 18,430 
t- 9,95 

- 4,36 

1- 7,910 



+ 3,010 

+ 760 

+ i4 

- 7,2i 

- 9f 
+ 10,740 
+ 6,050 
+ 2,660 
+ 4,1 

- 5,040 

+ 16,010 
+ 15,040 

+ 13,790 
+ 7,8 
+ 40 

- 1,930 

- 6,150 

- 20,790 
+ 6,380 

- 6,436 

+ 17,900 
+ 2,750 
+ 63,360 

- 4,510 

+ 18,340 

- 2,850 

- 3,570 



+ 19,170 

- 1,160 

- 4,250 

- 2,420 

- 7,470 



Copper 
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OuOl, 


600 


Cu01,.2H.O 


400 


OuBr, 


400 


CuSO, 


400 


CuSO,. H,0 


400 


CuS0..5H,0 


400 


KCn(SOJ, 


600 


K,Cu(SOJ,.GH,0 

Cuso.eap 


60O 


400 


OuN.0..6H,0 


400 


T1,C1, 


9,000 


TIO 


670 


Tl.OH 


4T0 


T1S6/ 


1,600 


T1,N,0, 


600 


PbOl, 


1,800 


PbBr, 


2,500 


PbNO. 


400 


PbS.O.. 4H,0 


400 


Pb(C^.0,),.3H,0 


800 


SnCl 


300 


SiiCi,.aH,o 


200 


Bii01.K,.H,0 


600 


SnCl. 


300 


SnCl,K. 


800 


HgCl, 


300 


Hga.K.HO 
HgBrX 


600 


660 


HgI.K, 


800 


AgAO. 


400 


4s<5. 


1,400 


Ag,S,0,.2H,0 


400 


AnCl. 


900 


AuCL.2H0 


600 


AuCl,H.4H,0 


400 


AuBr. 


2,000 


AuBr.H.6H,0 


1,000 


PdCl.E. 


800 


PclCl,K, 


— 



f 11,080 
4- 4,210 

4- 8,250 
f 15,800 
*■ 9,320 

- 2,750 
f 9,400 

- 13,570 

- 4,870 
-10,710 

-20,200 
■- 3,080 

- 6,310 

- 8,280 

- 19,940 



- 10,040 

- 7,610 

- 8,540 

- 6,140 

1- 350 

- 5,370 

- 13,420 
+ 29,920 

- 3,3 

- 3,300 

- 16,390 

- 9,750 

- 9,810 

- 10,880 

- 4,480 
- 10,360 



- 5,830 

- 3,760 
- 1 1,400 

- 13,630 

- 16,000^ 



Platinum 
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Ptax 


600 


- 12,220 


660 


- 8,480 


pta.K, 




- 13,760 


PtCl^Na, 


800 


+ 8,540 


PtCl^a,.6H,0 


900 


- 10,630 


PtBr^K, 


800 


- 10,630 


PtBr^K. 


2,000 


- 12,260 


PtBr,Na, 


600 


+ 9,990 


PtBr,Na,.6H,0 


800 


- 8,550 


Pt{NH3),Cl,. H,0 


400 


- 8,760 
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II. Valices determined hy various observers. 
Heat of solution op hydrofluoric acid'. 



Beaction 



HF, 400ffO] 
HF5H*0, 400H"O] 
HFl -67^0, 400H*O] 
HF2-25H«0, 400H^O1 
HF6-5H*0, 400H*O] 



Thermal 
value 



4,560 

2,050 

720 

450 

100 



Heats of solution and hydration of cyanides*. (Temp. 
6^—9°.) 



Beaction 


Thermal 
value 


Remarks 


NaCN, lOOffO] 


- 500 


•^^ 


■NaCN2H*0, lOOH'O] 
NaCNIH^O, lOOH'O" 


-4,410 


Solution of cyanides and 


-1,010 


hydrated cyanides. 


■Ba(CNL 200H«O] 
'Ba(CN),H«0, 200H*O] 


1,780 




2,100 




'Ba(CN)_2H^0, 200H^O] 


- 5,760 


d 


;Hg(CN)„ Aq; 




- 3,000« 




NaCN, 2H^0l 




3,910 




NaCN, |ffO' 




510 


1 Fonuation of hydrates by 


•Ba(ON)^, H«0] 


3,880 


action of liquid water. 


[Ba(CN)„ 2H« 


0] 


6,140 


>< 



1 Guntz, BwM. Soc, Chim, (2). 40. 64. 
' Joannis, Compt, rend, 92. 1338 — 1341. 
8 Berthelot, Compt. rend. 77. 388. 
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Heats op solution op sulphides \ (Temp. 15° — 17°). 



Salt 


Quantity of water 


Heat of solation 


Na'S 


130 140 parts 


15,000 


Na*S5H"0 


60 120 „ 


- 6,600 


Na*S9H«0 


60 105 „ 


- 16,720 


Na'SffS 


104 830 „ 


8,800 


Na»SH»S4H«0 


60 100 „ 


- 3,060 


K«SH»0 


230 „ 


3,800 


K«S5H»0 


75— 90 „ 


- 5,200 


K'SH^S 


40 400 „ 


1,540 


K»SH*SH*0 


45 240 „ 


1,340 


NH*S* 


150 „ 


- 4,100 


Reaction 








CaS, Aq] 
'SrS, AqJ 




6,100 






6,800 




BaS, Aq] 




7,000 



Heats op solution and hydration op chromic acid and 
chromates^ 



Beaction 



CrO«, H«0] 
CrO*ff, ff O] 
QffO, H*0] 
Q2ff O, ff O 
Q3ffO, H'O 
'Q4H"0, H^O' 
*'Q5ff O, H*0 
Q5H*0, 25ffO] 
'Q30H*O, 25H'0] 



[ 



Na^CrOS 4H«0] 
Na'CrO*, 10H*O] 



Thermal 
value 



Bemarks 



580 
340 
260 
135 
171 
80 
35 
500 
210 

9,800 
18,000 



Heat of formation of liquid H CrO . 



Addition of definite quantities of 
water to solutions of H^CrgO^ of 
specified composition as regimis 
quantities of HgCrO^ and H^O ; 

Q = H,CrO,. 



} 



Formation of hydrates by action of 
liquid water. 



1 Sabatier, Compt. rend. 89. 43 : 91. 52. Ann. Chim. Phys. (6). 22. 98. 

2 Merges, Compt. rend. 86. 1444 Berthelot, Compt. rend, 87. 674. 
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Heats of solution and hydration op perchloric acid and 
PERCHLORATES*. (Temp. 19° — 20°). 



Beaction 



Thermal valae 



Remarks 



[HCIO*, Aq] 
[HCIO^H'O, Aq] 



HCIO^H'O, Aq] 
'HC10*2H^0, Aq] 
"KCIO*, Aq] 
"NaClO*, Aq] 
"BaiClO*, Aq] 
NH^CIO*, Aq] 
HCIO*, H^] 



[HCIO*, H*0] 



[HC10*H^0, H*0] 



20,300 
7,700 

about 11,700 

5,300 

- 12,100 

- 3,500 

- 900 

- 6,300 
12,600 



7,400 



6,400 



Solution of liquid HCIO,. 
Solution of crystallised 

HC10,H,0. 
Solution of liquid HCIO^H^O. 



» 



» 



HC10,2H,0. 



Solution of various solid per- 
chlorates. 

Formation of solid HCIO.H^O 
from liquid HCIO and liquid 
H.O. 

Formation of liquid HCIO 
H,0 from liquid HCIO, 
and liquid H^O. 
Formation of liquid HCIO, 
2HgO from liquid con- 
stituents. 



Heats of solution of alums*. (One formula- weight in about 
1000 formula-weights of water). 





Heat of solution 


Salt 








at 80—110 


at 190 2P 


K*A1«4S0*24H*0 


- 19,600 


- 19,760 


(NH*),A1'4S0*24H»0 


- 19,160 


- 19,260 


K*CrHSO*24H«0 


- 19,300 


- 19,000 


(NH*),Cr«4SO*24H«0 


- 19,250 


- 19,780 


K«Fe*4SO*24H*0 


- 32,030 




(NH*),Fe'4SO*24H*0 


-33,140 


- 36,120 



^ Berthelot, Compt, rend, 93. 241. 

2 Favre and Valson, Corrvpt. rend. 74. 1019. 
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Heats of solution of some double salts, and of the con- 
stituents OF these salts'. 



Salt 


Heat of 
solution 


Sum of 

(l)and(2) 

= A 


Double salt 


Heat of 

solution 

=B. 


Diffe- 
rence 
B-A 


CuSO*5ffO 
(NH*) SO* 
OuSO*5H*0 

CuCl*2H'0 


-6,340) 

-2,430 f 

-1,940( 

-2,430) 

-9,150\ 

+4,650/ 


-8,770 
-4,370 
-4,500 


K'S0*CuS0*6H'0 

(NH*).S0*CuS0*6H'0 

K»a*CuCl*H"0 


-14,360 
-11,240 
- 6,980 


-5,590 

- 6,870 

- 2,480 



Heats of solution of butyrates' and succinates'. 



Beaction 



Thermal 
value 



Bemarks 



[C*H^NaOS Aq] 

[C*H^NaOS Aq] 

[C*H'NaO«iH«0, Aq] 

[C*H^NaO»3ffO, Aq] 

[C*ffNaO», ^H'O] 
■C*H^NaO"|H»0, |H*0] 
'C*H^NaO», 3H*0] 
'C*H*Na"0*, Aq] 
■C*H*Na*0*6H*0, Aq] 
•C*H*K^O^ Aq] 
C*H*K*0*H'0, Aq] 
'C*H*KHO*H^O, Aq] 
'C*H*(NH*)HO\ Aq] 



[ 



C*H*Na«0*, 6H*0] 
0*H*K^ H*0] 



4,270 

4,210 

3,660 

3,440 

580 

220 

800 

8,400 

11,000 

200 

3,400 

7,600 

4,900 

19,400 
3,600 



Solution of sodium butyrate 

dried at 100^ 
Solution of sodium butyrate 

dried in vacuo. 
Solution of hydrated sodium 

butyrate. 
Solution of hydrated sodium 
butyrate. 
\ Formation of various hy- 
V drates of sodium butyrate, 
) by action of liquid water. 



Solution of sodium and 
potassium succinates. 
(Temp. 8° -11"). 

'Formation of hydrates of 
sodium and potassium 
succinates by action of 
liquid water. 



1 Favre and Yalson, loc, cit, 73. 1150. 

2 Berthelot, Compt. rend, 80. 612. 

8 Chroustchoff, Compt, rend, 89. 679. 
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Heats op solution op amines ^ 



Beaotion 


Thermal 
value 


Bemarks 


[NH'(C''H'), Aq] 
[N(CH')3, Aq] 


12,910 
12,900 


Solution of ethylamine in 
about 400 TTjO at 19^ 

Solution of trimethylamine 
in about 270 H^O at 20°. 



^ Berthelot, Compt, rend, 91. 141. 
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INDEX. 



The figures refer to pages. 



References are given to data for individual compounds only when these data 
are used to illustrate a principle. Further data will be found in the various 
appendices. 



>i 



f) 



»» 



)) 



»» 



Abnormal vapour densities, 140 
Acetic acid, heat of solution and dilu- 
tion of, 161—4 
vapour density of, 141, 144 
vapour of, probably con- 
tains molecular groups, 
145 
Acids, basicity of, determined by ther- 
mal methods, 75 —6 
dibasic and tribasic, classified 

thermally, 76—8 
thermal study of action of 

metals on, 104 — 7 
thermal study of neutralisation 
of, 74 et seq. 
Afi&nity, considered as an action be- 
tween atoms, 191 — 3 
considered as the resultant of 
the actions of many forces, 
200—2 
thermally considered with 
meaning given by Guldberg 
and Waage, 193—200 
Allotropy, 62—3 

„ thermal data bearing on, 64 
Ammonia, heat of solution and dilution 

of, 164 
Ammonium chloride, dissociation of, 

123, 124 
Amylic bromide and iodide, dissocia- 
tion of, 122 
Anisol, vapour density of, 141 
Arsenious acid, neutralisation of, ther- 
mally considered, 79 — 80 
Atomic and molecular compounds, 145 
Atomic weight, definition of, 18 

„ of oxygen, data for 



)> 



>j 



>» 



finding, 19 
Atomic weights of elements, connec- 
tions between, and 



»» 



»» 



if 



j> 



»» 



)) 



heats of formation 
of haloid salts, 96 
Atomic weights of elements, connec- 
tions between, and 
heats of solution of 
salts, 151—2 
of elements, connec- 
tions between, and 
thermal values of 
comparable reac- 
tions of salts of 
these elements, 96- 
98 
of elements, deter- 
mination of, 18—22 
Atomicity of elementary molecules, 20 
Atoms, 16 
Availability of energy, 11 

connections be- 
tween, and 
chemical ac- 
tion, 180—2 
Avidities, relative, of acids, Thomson's 

measurements of, 90 — 95, 196 
AvoGADBo, his law, 15 

Bases, thermal study of neutralisation 

of, 74, 86—89 
Basicity of acids determined by ther- 
mal methods, 75 — 6 
Bebthelot, his law of maximum work, 
174 et seq, 
„ unit of heat adopted by, 26 

Boiling point defined, 109 

of mixture of two im^* 

miscible liquids, 116 
of mixture of two misci- 
ble and mutually che- 
mically inactive li- 
quids, 116 



»» 



»» 



^^^F 




~ 


^^^^^1 


1 


Boiling poiut of mixture of two misci- 


ponnda studied ther- 


1 


ble and mataally che- 


mally, 95 el eeq. 




raicttUy aotlTe liquida, 


Combining weights, 3 




117 


Combining and molecular weights, 17 




Boiling points, connection Tietween, 


Combustion, heat of, defined, 62 




and ctemical composition, 117—20 


Compound, defined, 2 




Bond, UHO of term, b7—8, 72 






Bonds of carbon atom, attempt to 






measure dynamio yalne of, 64—72 


17—18 




Boyle, la* of, 14 


Compouuds and elements, 3 




Bromine, nmtual action of aulphn- 


Configuration of a system, 4 






ConservatiDn of energy, 4, 9 




Bidered thermaUy. 187-9 


of mass, 2 




„ vapom' density of, 143 






Botyrio acid, vaponr density of, 141 


Copper sulphate, dissodation of, 135 
Crystallisation, water of. 170 


1 


Caloium carbonate, diseooiation of, 136 






Calorimeter, water-eqoivalent of a, 44 


Datarelatingto dissociation, 267eUeg. 












and formation, 20S et 




Oftlorimetrical oalcnlationB, 43—5 


leq. 




Oalorimetry, units adopted in, 25 


,, ,, to heats of oombasdoa 




Cabskllby, Ma work on conneotionH 


and formation of iso- 




between heats of formation of salts 


merides, 350—53 




and atomic weigbte of elements, 96 


to heats of dilution, 288 






et eeq. 




Chemical and physical changes, 23 


to beats of hydration, 




OhemioBl change, connections between, 


292—305 




and degradation of enarey, 178, 
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